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The o b j e c t i v e  of  Phase  I11 of NASA C o n t r a c t  NAS 1-4102 w a s  t o  
c o n d u c t  research and development  e f f o r t s  t o  a c c o m p l i s h  t h e  de- 
s i g n  and deve lopmen t  of  a f l i g h t w e i g h t  p r o t o t y p e  p r o p o r t i o n a l  
t w o - s t a g e  p r e s s u r e  f e e d b a c k  v a l v e  f o r  2 W ° F  s o l i d  p r o p e l l a n t  
SITVC s y s t e m s  - 
Development  t a s k s  i n c l u d e d  the  a p p l i c a t i o n  of  s e c o n d a r y  f l o w  
a m p l i f i c a t i o n  f o r  c o n t r o l  o f  h i g h  p r i m a r y  p n e u m a t i c  mass f l o w s  
i n d e p e n d e n t  o f  e x t r a n e o u s  i n t e r n a l  v a l v e  f l o w  and m e c h a n i c a l  
f o r c e s .  I n c o r p o r a t i o n  of  c l o s e d  l o o p  p r e s s u r e  f e e d b a c k  l o g i c  
was d e v e l o p e d  t o  a c h i e v e  f u n c t i o n a l  s t a t i c  a c c u r a c y  and  dynamic 
r e s p o n s e .  S i x  ( 6 )  f l i g h t w e i g h t  p r o t o t y p e  models  were f a b r i c a t e d  
and e x p e r i m e n t a l  deve lopmen t  t e s t s  were c o n d u c t e d  u n d e r  b o t h  
g a s e o u s  n i t r o g e n  and 2000'F pneumat i c  s u p p l y  e n v i r o n m e n t s .  
The a n a l o g  a n a l y t i c a l  s t u d y  p r o v i d e d  d e s i g n  p a r a m e t e r s  t o  
o p t i m i z e  t h e  dynamic r e s p o n s e  c h a r a c t e r i s t i c s  and f l i g h t w e i g h t  
d e s i g n  c r i t e r i a .  Analog i n v e s t i g a t i o n s  i n c l u d e d  d e t e r m i n i n g  
f e a s i b i l i t y  and a p p l i c a t i o n  of s c a l e d  mass f l o w ,  s y s t e m  p r e s -  
su re  l e v e l s ,  and c a p a b i l i t y  p o t e n t i a l  f o r  5500OF s o l i d  p r o p e l l a n t  
s y s t e m s .  M a t e r i a l s  and d e s i g n  s t r e s s  i n v e s t i g a t i o n s  w e r e  i n -  
c l u d e d  f o r  5500OF s y s t e m s .  
The a n a l y t i c a l  s t u d y  and e x p e r i m e n t a l  deve lopmen t  i n v e s t i g a t i o n s  




















v a l v e  incorporat ing  c l o s e d  loop pressure  feedback l o g i c  f o r  
h i g h  temperature s o l i d  prope l lant  pneumatic systems i s  p r a c t i -  
c a l ,  s i n c e  a l l  f u n c t i o n a l  s t a t i c  and dynamic operat ing  
c h a r a c t e r i s t i c s  we  re achieved.  
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SUMMARY 
T h i s  program has encompassed t h e  r e s e a r c h  and deve lopmen t  
e f f o r t s  r e q u i r e d  t o  a c c o m p l i s h  m a t h e m a t i c a l  a n a l y s i s ,  d e s i g n ,  
and t e s t  e v a l u a t i o n  of a f l i g h t w e i g h t  p r o t o t y p e  two-s t age  
2000OF pneumatic  v a l v e  i n c o r p o r a t i n g  p r e s s u r e  f e e d b a c k .  The 
v a l v e  i s  i n t e n d e d  f o r  a p p l i c a t i o n  t o  s o l i d  p r o p e l l a n t  s y s t e m s  , 
f o r  e i t h e r  s e c o n d a r y  i n j e c t i o n  t h r u s t  v e c t o r  c o n t r o l  o r  p i t c h -  
y a w - r o l l  a t t i t u d e  c o n t r o l .  The s i n g l e - a x i s  i n j e c t i o n  s y s t e m  
t e s t e d ,  s u c c e s s f u l l y  d e m o n s t r a t e d  t h e  o p e r a t i o n a l  pe r fo rmance  
of  t h e  f l i g h t w e i g h t  two-s tage  on a s y s t e m  b a s i s .  C l o s e d  l o o p  
s y s t e m  per formance  was a c h i e v e d  by i n j e c t i o n  d i f f e r e n t i a l  
I 
I pneumat i c  f e e d b a c k .  
Pneumat i c  t e s t  f i r i n g s  a t  2000OF were conduc ted  i n  a s i m u l a t e d  
SITVC s y s t e m  c o n t r o l  mode. The g a s  g e n e r a t o r  p r o v i d e d  a 2000 p s i  
pneumat i c  o u t p u t  f l o w  o f  0.704 l b / s e c .  f o r  a d u r a t i o n  of 43 s e c o n d s .  
The s y s t e m  was compr ised  of  a s o l i d  p r o p e l l a n t  g a s  g e n e r a t o r ,  
t w o - s t a g e  v a l v e ,  a s s o c i a t e d  m a n i f o l d s  and i n j e c t i o n  n o z z l e s ,  and 
t h e  p r e s s u r e  f e e d b a c k  l o g i c .  T h i s  s y s t e m  s u c c e s s f u l l y  demon- 
s t r a t e d  p r o p o r t i o n a l  pneumat i c  f l o w  m o d u l a t i o n  i n  e x c e s s  of 110 
t o  1. The s y s t e m  dynamic r e s p o n s e  was e v a l u a t e d  w i t h  s i n u s o i d a l ,  
ramp,  and t r a n s i e n t  i n p u t s  and d e m o n s t r a t e d  a dynamic f r e q u e n c y  
r e s p o n s e  c a p a b i l i t y  of  45 c p s  a t  -3 db a t t e n u a t i o n .  The v a l v e ' s  
w e i g h t  i s  4 .24  pounds and i t  r e q u i r e s  an e l e c t r i c a l  power of  
5.5 w a t t s .  
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An a n a l o g  compute r  s t u d y  was c o n d u c t e d  t o  s e l e c t  t h e  two-s t age  
v a l v e  p a r a m e t e r s  and  a l s o  i n c l u d e d  i n v e s t i g a t i o n s  t o  d e t e r m i n e  
t h e  e f f e c t  o f  m a j o r  p a r a m e t e r  v a r i a t i o n s  on  p e r f o r m a n c e .  The 
s y s t e m  c o n c e p t  was a n a l y t i c a l l y  e x p l o r e d  o v e r  a mass f l o w  
c a p a c i t y  r a n g e  of 0.58 t o  5.0 l b / s e c .  a t  1500, 2000, and 2700 p s i  
s u p p l y  p r e s s u r e s ,  and a t  2 W ° F  and 5500OF ( a l u m i n i z e d )  s o l i d  
p r o p e l l a n t  p n e u m a t i c  SoIirces, The resf i l ts  of t h i s  stgdy hsve 
i n d i c a t e d  t h a t  t h e  two-s tage  v a l v e  d e s i g n  c o n c e p t  h a s  a p o t e n t i a l  
o f  b e i n g  u p r a t e d  t o  a 5500OF c o n c e p t u a l  d e s i g n  i n c l u d i n g  t h e  
p n e u m a t i c  p r e s s u r e  f e e d b a c k  l o g i c .  T h i s  s t u d y  was c o n c l u d e d  w i t h  
a m a t e r i a l s  and  s t ress  ana lys i s .  
Development  o f  t h e  f l i g h t w e i g h t  5 5 0 0 O F  two-s t age  v a l v e  c o n c e p t  
a p p e a r s  a t t r a c t i v e  f o r  d i r e c t - e n g i n e - b l e e d  s e c o n d a r y  i n j e c t i o n  
t h r u s t  v e c t o r  c o n t r o l  sys t ems .  
x i i i  
SECTION 1 
INTRODUCTION 
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s e a r c h  and deve lopmen t  program t o  
a n a l y z e ,  d e s i g n ,  and e v a l u a t e  a f l i g h t w e i g h t  p r o t o t y p e  t w o - s t a g e  
h i g h  t e m p e r a t u r e  (20OO0F) pneumat i c  p r e s s u r e  f e e d b a c k  v a l v e .  
The  work has  been  accompl i shed  u s i n g  a 2000OF s o l i d  p r o p e l l a n t  
g e n e r a t o r  which  p r o v i d e d  a f l o w  r a t e  of 0.704 l b / s e c .  
c o m p u t e r  s t u d y  was c o n d u c t e d  t o  s e l e c t  t h e  v a l v e  p a r a m e t e r s  and 
a l s o  i n c l u d e d  d e t e r m i n a t i o n  of t h e  e f f e c t  of m a j o r  p a r a m e t e r  
v a r i a t i o n s  s u c h  a s  mass f l o w  l e v e l ,  5500OF t e m p e r a t u r e  and s y s t e m  
p r e s s u r e  l e v e l s  on v a l v e  pe r fo rmance .  The u l t i m a t e  o b j e c t i v e  of 
t h i s  program was t o  e v a l u a t e  a f l i g h t w e i g h t  c o n f i g u r a t i o n  two- 
s t a g e  v a l v e  f o r  2000OF s e c o n d a r y  i n j e c t i o n  t h r u s t  v e c t o r  c o n t r o l  
systems and f o r  PYR a t t i t u d e  c o n t r o l  s y s t e m s ,  wh ich  o f f e r e d  a 
v a l v e  c o n c e p t  p o t e n t i a l  f o r  5500'F s o l i d  p r o p e l l a n t  SITVC s y s t e m s .  
An a n a l o g  
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PRESSURE FEEDBACK PROPORTIONAL TWO-STAGE VALVE CONCEPT 
The c o n c e p t u a l  two-s t age  v a l v e  d e s i g n  i s  a n  e l e c t r o - p n e u m a t i c -  
m e c h a n i c a l  c o n t r o l  which  p r o v i d e s  a p r o p o r t i o n a l  o u t p u t  
d i f f e r e n t i a l  p n e u m a t i c  p r e s s u ' r e  w i t h  r e s p e c t  t o  an  e l e c t r i c a l  
d i f f e r e n t i a l  c u r r e n t  i n p u t  s i g n a l .  The v a l v e  s y s t e m  l o o p  i s  
c l o s e d  by i n c o r p o r a t i o n  o f  o u t p u t  d i f f e r e n t i a l  p r e s s u r e  n e g a t i v e  
f e e d b a c k .  The f i r s t - s t a g e  is an open c e n t e r  d e s i g n  p n e u m a t i c  
a m p l i f i c a t i o n  s e r v o .  A c o n c e p t u a l  f l i g h t  q u a l i t y  d e s i g n  of  t h e  
two-s t age  v a l v e  i s  shown i n  F i g u r e  1. 
A s c h e m a t i c  of t h e  f u n c t i o n a l  SITVC s y s t e m  i s  shown i n  F i g u r e  2. 
A l t h o u g h  t h e  v a l v e  i s  a p p l i c a b l e  f o r  v e h i c l e  a l t i t u d e  ( p i t c h ,  
yaw, r o l l )  c o n t r o l ,  t h e  sys t em s e l e c t e d  f o r  t h i s  program w a s  t o  
d e m o n s t r a t e  a s i n g l e - a x i s  s e c o n d a r y  i n j e c t o r  t h r u s t  v e c t o r  
c o n t r o l  . 
The SITVC s i n g l e  a x i s  sys tem i s  b a s i c a l l y  c o m p r i s e d  of  t h e  s o l i d  
p r o p e l l a n t  g a s  g e n e r a t o r ,  two-s tage  p n e u m a t i c  p r e s s u r e  f e e d b a c k  
v a l v e ,  o u t p u t  d i s c h a r g e  m a n i f o l d s  and i n j e c t i o n  n o z z l e s .  The 
2000 p s i g  s u p p l y  f l o w  (Gg) from t h e  g e n e r a t o r  i s  m a i n t a i n e d  
c o n s t a n t  by use of a s o n i c - f l o w  o r i f i c e  l o c a t e d  i n  t h e  i n l e t  of  
t h e  two-s tage  v a l v e .  An e l e c t r i c a l  command s i g n a l  t o  t h e  t o r q u e  
m o t o r  c o n t r o l s  t h e  two-stage v a l v e  wh ich  p r o v i d e s  p r o p o r t i o n a l  
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P r o p o r t i o n a l  
Two S t a g e  V a l v e  
M e t e r e d  SITVC 
Flow 
Main Eng ine  
E x h a u s t  N o z z l e  
S o l i d  P r o p e l l a n t  
Gas G e n e r a t o r  
E l e c t r i c a l  Command 
S i g n a l  
Pneumat i c  Feedback  
Mete red  SITVC Flow 
I n j e c t i o n  N o z z l e s  
T h r  u s t V e c t o r  
SINGLE AXIS SITVC SYSTEM 
FIGURE 2 
l o c a t e d  i n  t h e  main e n g i n e  e x h a u s t  n o z z l e .  
c l o s e d  by p n e u m a t i c  f eedback  o f  t h e  d i f f e r e n t i a l  i n j e c t i o n  p r e s -  
s u r e .  
The s y s t e m  l o o p  i s  
The two-s tage  v a l v e  i s  shown in s c h e m a t i c  form i n  F i g u r e  3. 
s t a g e d  v a l v e  c o n s i s t s  o f  t h e  main s t a g e  h o u s i n g  and m e t e r i n g  
s p o o l ,  d i s c h a r g e  p r e s s u r e  f e e d b a c k  b e l l o w s  mechanism,  a yoke t y p e  
open  c e n t e r  s e r v o  t o  c o n t r o l  t h e  s e r v o  s t a g e  o r i f i c e s ,  and a 
p r o p o r t i o n a l  d i f f e r e n t i a l  c u r r e n t  m u l t i - g a p  d e s i g n  t o r q u e  m o t o r .  
T h e  v a l v e  u t i l i z e s  t h e  Type 
The  
s e r v o  c o n t r o l  p r i n c i p l e .  
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The e l e c t r i c a l  e r r o r  command s i g n a l  s u p p l i e d ,  f o r  e x a m p l e ,  by 
t h e  v e h i c l e ' s  g u i d a n c e  s y s t e m  i s  t r a n s m i t t e d  t o  t h e  e l e c t r i c a l  
t o r q u e  m o t o r  w h i c h  p r o d u c e s  a t o r q u e  on t h e  c o n t r o l  beam p ro -  
p o r t i o n a l  t o  t h e  e r r o r  s i g n a l .  The  c o n t r o l  beam p o s i t i o n s  t h e  
y o k e  t y p e  f l a p p e r  v a l v e  as a f u n c t i o n  o f  i n p u t  t o r q u e  minus  t h e  
f e e d b a c k  t o r q u e  ( o u t p u t  chamber p r e s s u r e  d i f f e r e n t i a l  times t h e  
feedhack bellowlc are2 a??d leV3l' 2ra). P C € i t i G i l i i l C J  G f  the  Sef'Vf 
yoke  c a u s e s  a f l o w  r e s t r i c t i o n  on t h e  s e r v o  o r i f i c e  w h i c h  c r e a t e s  
a s e r v o  c o n t r o l  p r e s s u r e  d i f f e r e n t i a l ,  w h i c h  i s  a p p l i e d  t o  t h e  
n e t  p i s t o n  a r e a  o f  t h e  m a i n  s t a g e  m e t e r i n g  s p o o l .  The f o r c e  
c r e a t e d  by  t h e  d i f f e r e n t i a l  c o n t r o l  p r e s s u r e s  moves t h e  main 
s t a g e  s p o o l  t o  t h e  p o s i t i o n  p r o v i d i n g  t h e  r e q u e s t e d  chamber  p r e s -  
sure  d i f f e r e n t i a l .  
A s  shown i n  F i g u r e  3, t h e  o u t p u t  p r e s s u r e s  a r e  f e d  back  t o  t h e  
i n p u t  beam and t r a n s l a t e d  i n  terms of  n e g a t i v e  t o r q u e  f e e d b a c k .  
T h i s  t o r q u e  s i g n a l -  i s  s u b t r a c t e d  f rom t h e  i n p u t  t o r q u e  s i g n a l ,  
t h u s  c l o s i n g  t h e  s e r v o  loop and r e s u l t i n g  i n  t h e  i n p u t  e r r o r  
s i g n a l  t o  t h e  p n e u m a t i c  s e r v o .  
To a c h i e v e  a p r o p o r t i o n a l  o u t p u t ,  p n e u m a t i c  r a t e  was i n c o r p o r a t e d  
i n  t h e  main s t a g e .  T h i s  i s  a c c o m p l i s h e d  by s e n s i n g  t h e  o u t p u t  
p r e s s u r e  d i f f e r e n t i a l  v i a  a s e n s i n g  t i p  p r o b e  on e a c h  e n d  of  t h e  
m a i n  s p o o l  and a p p l y i n g  t h e  o u t p u t  pressure d i f f e r e n t i a l  t o  an  
e f f e c t i v e  s p o o l  a r e a .  The r e s u l t i n g  d i f f e r e n t i a l  f o r c e ,  w h i c h  
i s  l i n e a r  w i t h  mass  f l o w  o r  s p o o l  p o s i t i o n ,  r e su l t s  i n  a f o r c e  
2-5 
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FLIGHTWEIGHT PROPORTIONAL TWO-STAGE VALVE DESIGN 
3.1 Analog S t u d y  and Des ign  P a r a m e t e r s  
An a n a l o g  compute r  s t u d y  was conduc ted  u s i n g  a n  EA1 Pace  
221 R and 231 R compute r  t o  o p t i m i z e  t h e  d e s i g n  p a r a m e t e r s  
and  v a l v e  sizes t o  a c h i e v e  t h e  d e s i r e d  dynamic r e s p o n s e  p e r -  
fo rmance  and f l i g h t w e i g h t  d e s i g n  c r i t e r i a .  T h i s  a n a l y s i s  
i s  summarized i n  d e t a i l  i n  Appendix B. The p a r a m e t e r s  w h i c h  
were c r i t i c a l  t o  t h e  d e s i g n  c r i t e r i a  were, t o r q u e  moto r  
s p r i n g  r a t e ,  n e g a t i v e  f eedback  a r e a  t o r q u e  c o n s t a n t ,  main 
s t a g e  pneumat i c  s p r i n g  r a t e ,  s e r v o  c o n t r o l  volume,  and t h e  
o u t p u t  m a n i f o l d  d i s c h a r g e  volume. The p e r t i n e n t  s y s t e m  
d e s i g n  r e q u i r e m e n t s ,  p a r a m e t e r s  and s izes  are  shown i n  
F i g u r e  4. 
Based on t h e  a n a l o g  s t u d y ,  v a l v e  s t a b i l i t y  was dependen t  on 
t h e  t o r q u e  motor  s p r i n g  ra te ,  t h e  n e g a t i v e  f e e d b a c k  a r e a -  
t o r q u e  c o n s t a n t ,  main stage pneumat i c  ra te  and s e r v o  c o n t r o l  
volume.  I n  a d d i t i o n ,  m a i n  s t a g e  p n e u m a t i c  r a t e ,  s e r v o  con- 
t r o l  volume,  and o u t p u t  man i fo ld  d i s c h a r g e  volume were major  
p a r a m e t e r s  which  a f f e c t e d  dynamic r e s p o n s e .  The o u t p u t  
m a n i f o l d  d i s c h a r g e  volume a p p e a r e d  t o  be t h e  main p a r a m e t e r  
l i m i t i n g  dynamic r e s p o n s e .  
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Parame t e  r-S ize  
pg 
'h 
PA and Pg 
E l e c t r i c a l  Power 
Va lve  Weight 
C o n t r o l  Mode 
S e r v o  C a p a c i t y  
Pneumat ic  R a t e  
Feedback Torque 
Cons t a n  t 
U n i t s  
P s i g  
PS 19 
P s i g  
l b / s e c  
w a t t s  
1 11 s 
--- 
% 
l b / i n  
3 i n  
Torque  Motor O u t p u t  l b / i n  
Envelope  i n c h e s  




0 .704  0 . 7 0 4  
6 5 . 5  
4 . 1  *4 .24  
P r o p o r t i o n a l  P r o p o r t i o n a l  
3 3 .1  
3 600 2 900 
0.0036 0.0035 
3.6 3 . 0  
F l i g h t  2.5" s p h e r e  p l u s  3" 
x x 3" T o r q u e  
Motor -Se r v o  
" I n c l u d e s  Weight of E x p e r i m e n t a l  Pressure  P r o b e s .  
~~ 
Gene r a t o r  
2000' F I . 7 0 4  l b s / s e c  2000 p s i g  



















Based  on t h e  f i n a l i z e d  p a r a m e t e r s  and  s e l e c t e d  d e s i g n  c r i t e r i a ,  
( summar ized  below) t h e  a n a l o g  p e r f o r m a n c e  i s  shown i n  F i g u r e  5. 
The t h e o r e t i c a l  d e s i g n  g a i n s  and dynamic r e s p o n s e  v a l u e s  f o r  
t h e  two-s t age  v a l v e  a r e  shown i n  F i g u r e  6. 
ANAIAIG STUDY SUMblARY 
Design C r i t e r i a :  I n l e t  Pressure 
I n l e t  Tempera t u re 
S e r v o  C a p a c i t y  
S e r v o  Leakage (assumed) 
T o t a l  Mass Flow 
S p o o l  F r i c t i o n  
S p o o l  S t i c t i o n  
Pneumat i c  R a t e  
D i s c h a r g e  Volume 
C o n t r o l  Mode 
2QQQ p s i g  
2000OF 
3.0% of T o t a l  Flow 
7.0% o f  S e r v o  Flow 
0.704 l b / s e c  
50 l b s  
60 l b s  
2900 l b / i n  
20 i n c h 3  ( t o t a l )  
C l o s e d  Loop 
A f u n c t i o n  b l o c k  d i a g r a m  of t h e  two-s tage  
p r e s s u r e  f e e d b a c k  s e r v o  v a l v e  i s  shown i n  
p r o p o r t i o n a l  pneumat ic  
F i g u r e  7.  T h i s  d i a -  
gram i l l u s t r a t e s  a g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  t r a n s f e r  
f u n c t i o n  areas which  y i e l d  t h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  
t h e  p r o p o r t i o n a l  p n e u m a t i c  v a l v e  and s y s t e m  dynamics.  Non- 
l i n e a r  equipment  was u t i l i z e d  i n  t h e  compute r  a n a l y s i s  t o  








































P a r a m e t e r s / G a i n  
Response  
(PA - PB) 
A I  
25% Command 
(From N u l l )  
- _ _ ~  . 
50% Command 
(From N u l l )  
100% Command 
D e s c r i p t i o n  
A O u t p u t  P r e s s  = 
A I n p u t  C u r r e n t  
A O u t p u t  P r e s s  = 
A S e r v o  Press 
- A Servo Press 
A I n p u t  C u r r e n t  
S t e p  Response 
T o t a l  Time 
D e l a y  Time 
Rise Time 
% Overshoot  
Set t 1 ing Time 
(90% F i n a l  V a l u e )  
S t e p  Response  
T o t a l  T i m e  
__ 
D e l a y  T i m e  
Rise Time 
% Overshoot  
S e t t l i n g  Time 
(90% F i n a l  V a l u e )  
S t e n  R e m o n s e  ~ _ _  . -_ - - - ..___-a .. -_  - _ -  
(From N u l l )  T o t a l  T i m e  
Delay Time  
Rise T i m e  
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s e c  





s e c  
s e c  
% 
see 
- .  
s e c  
sec 
s e c  
*loo% Command - v a l v e  s p o o l  h i t  " s t o p s "  on o r i f i c e  s e a t  
p r e v , e n t i n g  o v e r s h o o t .  
ANAJAG DATA - TWO-STAGE VALVE 
FIGURE 6 
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3.2 Servo  S tage  Design 
Based on t h e  des ign  c r i t e r i a  of  t h e  analog s t u d y ,  a 3.0% s e r v o  
d e s i g n  c a p a c i t y  was s e l e c t e d  t o  r e a l i z e  t h e  des i red  dynamic 
response  performance. The servo d r i v i n g  f u n c t i o n  was a Vickers  
d e s i g n  l i n e a r  d i f f e r e n t i a l  c u r r e n t  mul t igap  to rque  motor- The 
to rque  motor mode of cont ro l  w a s  a push-pul l  c i r c u i t  des ign .  
The to rque  motor was designed t o  provide  a maximum ou tpu t  
t o rque  of 3.6 l b / i n  a t  f u l l  s t r o k e  (k .018 r a d i a n s )  us ing  a 
200 lb/in/RAD to rque  motor sp r ing .  
(2.1 x 
was designed w h i c h  e x h i b i t e d  e x c e l l e n t  damping w i t h i n  12 c y c l e s ,  
The  t o t a l  e l e c t r i c a l  power consumption was 5.5 w a t t s  using a 
c i r c u i t  sum c u r r e n t  of 50 milliamps. 
A low moment of i n e r t i a  
in/ lb/sec2)  motor s h a f t  and se rvo  yoke assembly 
The 3.0% s e r v o  c a p a c i t y  u t i l i z e d  a thermal  compensated yoke 
f l a p p e r  des ign  as shown i n  Figure 8.  
FIRST STAGE SERVO SCHEMATIC 
FIGURE 8 
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A t o t a l  mass f l o w  of 0.022 l b / s e c  was u t i l i z e d  f o r  s e r v o  f l o w  
t o  c o n t r o l  0.682 l b / s e c  main f l o w  t h u s  p r o v i d i n g  a n  a m p l i f i c a -  
t i o n  r a t i o  o f  31:l. Using  an  i n l e t  p r e s s u r e  o f  2000 p s i ,  t h e  
up - s t r eam s e r v o  o r i f i c e s  were s i z e d  t o  p r o v i d e  s o n i c  o r  n e a r  
s o n i c  f l o w  in t h e  va lve  n u l l  p o s i t i o n s .  Based on  t h e  c r i t i c a l  
p r e s s u r e  r a t i o  o f  .547 t h e  n u l l  c o n t r o l  p r e s s u r e  l e v e l  (Pca  and  
Pcb)  d e s i g n  would be 1100 p s i .  To a c h i e v e  l i n e a r  s e r v o  d i f f e r -  
a rea  o f  m e t e r i n  o r i f i c e  ) design e n t i a 1  pe r fo rmance  a n  a = of up-stre:m orifice 
r a t i o  of 1.5 was u s e d .  The downst ream f ixed  o r i f i c e  a r e a  ( A 3 )  
i n  r e s p e c t  t o  t h e  se rvo-yoke  m e t e r i n g  o r i f i c e  a rea  r a t i o  was 
b a s e d  on a d e s i g n  r a t i o  o f  3.0 minimum t o  p r e v e n t  t h e  A3 a r e a  
i n f l u e n c e  on t h e  m e t e r i n g  area.  To min imize  p r o p e l l a n t  e x h a u s t  
c o n t a m i n a t i o n  of  t h e  s e r v o  s e c t i o n ,  t h e  s m a l l e s t  o r i f i c e  used  
was .031 d i a m e t e r  ( u p s t r e a m  o r i f i c e ) .  I t  s h o u l d  be n o t e d  t h a t  
7% o f  t h e  s e r v o  f l o w  i n  t h e  Pca  and  Pcb p a s s a g e s  was assumed 
l o s t  due t o  l e a k a g e  i n  t h e  s p o o l  volume p a s s a g e s  d u r i n g  c y c l i n g .  
Movement of  t h e  s e r v o  yoke ( F i g u r e  8) w i l l  i n c r e a s e  t h e  s e r v o  
p r e s s u r e  on (Pca  o r  Pcb)  one s i d e  and  w i l l  d e c r e a s e  t h e  s e r v o  
p r e s s u r e  on t h e  a d j a c e n t  s i d e .  E x a m i n a t i o n  of t h e  s e r v o  c i r -  
c u i t  r e a d i l y  shows s o n i c  f l o w  on one  s i d e  and s u b - s o n i c  f l o w  
on t h e  a d j a c e n t  s i d e  o f  t h e  s e r v o  i n  a n  " o f f - n u l l "  c o n d i t i o n .  
T h i s  f u n c t i o n  p roduced  a minimumized s y s t e m  n o n - l i n e a r i t y  
t h r o u g h o u t  t h e  d i f f e r e n t i a l  r a n g e  a s  e v i d e n c e d  i n  F i g u r e  9. 
I n  a d d i t i o n ,  t h e  s i m u l a t e d  f e e d b a c k  c o n t r o l  c h a r a c t e r i s t i c  i s  
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3.3 O u t p u t  S t a g e  D e s i g n  and  P n e u m a t i c  Rate 
The o u t p u t  s t a g e  c o n s i s t e d  of  t h r e e  b a s i c  h o u s i n g s  and  t h e  
d o u b l e  a r e a  m e t e r i n g  s p o o l .  As t h e  p r o p o r t i o n a l  s e r v o  p r e s -  
sure d i f f e r e n t i a l  was a p p l i e d  t o  t h e  s p o o l  s e r v o  a rea  ( r e fe r -  
e n c e  F i g u r e  31, p r o p o r t i o n a l  movement o f  t h e  o u t p u t  s t a g e  
s p o o l  was a c h i e v e d  b a s e d  on t h e  p n e u m a t i c  r a t e .  P n e u m a t i c  
r a t e  was a c h i e v e d  by s e n s i n g  and a p p l y i n g  t h e  d i s c h a r g e  p r e s -  
sure d i f f e r e n t i a l  t o  t h e  second  s p o o l  e f f e c t i v e  a r ea  i n  s u c h  
a manner t h a t  t h e  r e s u l t i n g  p r o p o r t i o n a l  f o r c e  would oppose  
t h e  s e r v o  f o r c e  t h u s  c r e a t i n g  a p r o p o r t i o n a l  f o r c e  b a l a n c e  
p o s i t i o n  f o r  e a c h  s e l e c t e d  i n p u t  s i g n a l  magn i tude .  
The method of  a c h i e v i n g  a c o n s t a n t  p n e u m a t i c  r a t e  was e n t i r e l y  
d e p e n d e n t  on t h e  s p o o l  t i p  d e s i g n  s i n c e  h i g h  v e l o c i t y  pneumat i c  
f l o w  c o u l d  p r o d u c e  a n  a s p i r a t i o n  e f f e c t  on t h e  p n e u m a t i c  r a t e  
f e e d b a c k  p r e s s u r e .  T h i s  p rob lem was s t u d i e d  i n  d e t a i l  and i s  
p r e s e n t e d  in S e c t i o n  4 . 1 .  
‘‘A s h a r p  edge m e t e r i n g  o r i f i c e  d e s i g n  was used  i n  t h e  main s t a g e  
s p o o l  t o  o r i f i c e  m e t e r i n g  area.  M e t e r i n g  was a c c o m p l i s h e d  i n  
t h e  s o n i c  f low reg ime .  
3 .4  Closed  Loop Pneumat i c  Feedback 
To a c h i e v e  s t a t i c  a c c u r a c y  and s y s t e m  dyanmic p e r f o r m a n c e ,  t h e  
s y s t e m  l o o p  was c l o s e d  by u t i l i z i n g  p n e u m a t i c  f e e d b a c k .  As 






































back  and  a p p l i e d  t o  a d u a l  bellows mechanism. The p r e s s u r e  
d i f f e r e n t i a l  i s  c o n v e r t e d  t o  f o r c e  times a l e v e r  arm t o  pro-  
v i d e  n e g a t i v e  f e e d b a c k  t o r q u e  t o  t h e  t o r q u e  moto r  s p r i n g  yoke 
a s sembly .  The f u n c t i o n a l  a p p l i c a t i o n  o f  t h e  f e e d b a c k  b e l l o w s  
mechanism was p r e v i o u s l y  demonstrated u t i l i z i n g  5600OF pneu- 
matics a t  V i c k e r s  I n c o r p o r a t e d .  The a p p l i c a t i o n  o f  b e l l o w s  
u t i l i z i n g  t h e  low t h e r m a l  c o n d u c t i v i t y  s t a g n a t e d  g a s  b a r r i e r  
p r i n c i p l e  was a p p l i e d  t o  t h e  f e e d b a c k  mechanism d e s i g n .  Thus,  
b e l l o w s  o p e r a t i n g  t e m p e r a t u r e  s h o u l d  n o t  exceed 6 0 0 O F .  S i n c e  
t h e  b e l l o w s  s p r i n g  ra te  was a n e g l i g i b l e  f a c t o r  i n  t h e  d e s i g n  
e q u a t i o n s ,  a l o s s  of be l lows  ra te  due t o  t e m p e r a t u r e  e f f e c t  
would produce  a n e g l i g i b l e  change i n  t h e  o p e r a t i n g  c h a r a c t e r -  
i s t i c .  In a d d i t i o n ,  c l o s e d  l o o p  d e s i g n  p r o v i d e d  a c a p a b i l i t y  
of  a c c u r a t e  control  and dynamic r e s p o n s e  i n d e p e n d e n t  of ex7 
t r a n e o u s  i n t e r n a l  v a l v e  forces aod o u t p u t  s t a g e  v a l v e  f r i c t i o n  
by u t i l i z i n g  t h e  r e l a t i v e l y  l a r g e  c o n t r o l  f o r c e s  a v a i l a b l e  f rom 
f i r s t  s t a g e  f o r c e  a m p l i f i c a t i o n .  S i n c e  s e r v o  f o r c e  a m p l i f i c a -  
t i o n  was u t i l i z e d  in a c losed l o o p  mode of  o p e r a t i o n ,  main 
s t a g e  f l o w  f o r c e  e f f e c t  w o u l d  be min imized  and  s h o u l d  o n l y  
c o n t r i b u t e  a n o n - l i n e a r i t y  a t  t h e  extreme end p o s i t i o n s  o f  
t h e  s p o o l  t r a v e l .  
3.5 2 W ° F  Dynamic and S t a t i c  S e a l s  
The p i s t o n  r i n g  dynamic s e a l  d e s i g n  which  was p r e v i o u s l y  
p roven  unde r  c o n t r a c t s  NAS 1-2962 and  NAS 8-5041 was se lec ted  
f o r  t h e  two-s tage  v a l v e  d e s i g n .  High  t e m p e r a t u r e  a l l o y  d u c t i l e  
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i r o n - p a r c o  l u b r i z e d  o u t e r  r i n g s  w i t h  a i n c o n e l T i n n e r  e x p a n d e r  
p i s t o n  r i n g  were u s e d  w i t h  a d e s i g n  r a d i a l  c l e a r a n c e  of .0025 
i n c h e s .  T h i s  c o m b i n a t i o n  s ea l  was i n c o r p o r a t e d  i n  a l l  v a l v e  
dynamic s ea l  a r e a s  w i t h  t h e  e x c e p t i o n  o f  t h e  s p o o l  c e n t e r  s h a f t  
s e a l .  The c e n t e r  s h a f t  s e a l  was a s i n g l e  d u c t i l e  i r o n - p a r c o  
l u b r i z e d  r i n g .  Bo th  t h e  s i n g l e  and  two p i e c e  r i n g  s e a l  a s -  
semblies were p u r c h a s e d  f rom Koppers  Company, Metal P r o d u c t s  
D i v i s i o n ,  B a l t i m o r e  3, Maryland .  A l l  dynamic sea ls  were used 
i n  S t a c k p o l e  331 g r a p h i t e  b o r e s .  
Gold  p l a t e d  i n c o n e l  "X" metal s t a t i c  'Wee" d e s i g n  s e a l s  were  
s e l e c t e d  f o r  a l l  v a l v e  c r i t i c a l  s t a t i c  sea ls .  R a y b e s t o s  
M a n h a t t a n  A-56 g a s k e t  ma te r i a l  was u s e d  a t  t h e  i n t e r f a c e  of  
t h e  v a l v e  o u t l e t  t o  d i s c h a r g e  m a n i f o l d .  The m e t a l l i c  "Vee" 
sea l s  were purchased  f rom P a r k e r  S e a l  Company, C u l v e r  C i t y ,  
C a l i f o r n i a .  
3.6 M a t e r i a l s  of  C o n s t r u c t i o n  
The t h r e e  main s t a g e  h o u s i n g s  of t h e  two-s t age  v a l v e  were  
f a b r i c a t e d  from L a t r o b e  BG-42 h i g h  t e m p e r a t u r e  m a r t e n s i t i c  
s t e e l .  RA-330, a s u p e r  a l l o y .  a u s t e n i t i c  grade s t a i n l e s s  s t e e l  
was u s e d  f o r  t h e  main  s t a g e  s p o o l ,  m e t e r i n g  o r i f i c e  s ea t s ,  
d i s c h a r g e  n o z z l e s  and  a l l  f l o w  o r i f i c e s  ( e x c e p t  t h e  s e r v o  
downst ream o r i f i c e s ) .  S e l e c t i o n  o f  t h i s  mater ia l  was based  
on  e x c e l l e n t  e r o s i o n  r e s i s t a n c e  p e r f o r m a n c e  u n d e r  2000OF con- 
d i t i o n s  i n  f i x t u r e  t e s t s  c o n d u c t e d  by V i c k e r s  I n c o r p o r a t e d .  
S t a c k p o l e  331 g r a p h i t e  m a t e r i a l  was used  f o r  a l l  dyanmic s e a l  





















b o r e s .  H a s t a l o y  "C" t u b i n g  was u t i l i z e d  f o r  f a b r i c a t i o n  of  
t h e  d i s c h a r g e  m a n i f o l d s .  The s e r v o  s t a g e  h o u s i n g  was f a b -  
r ica ted  f rom 303 s t a i n l e s s  s tee l  s i n c e  i t  was t h e r m a l l y  i n -  
s u l a t e d  f rom t h e  main  hous ing  u s i n g  g r a i n  o r i e n t e d  p y r o l y t i c  
g r a p h i t e  mater ia l  f o r  a h e a t  s h i e l d .  The t o r q u e  moto r  s h a f t ,  
s e r v o  yoke ,  and servo downstream o r i f i c e  b l o c k  were f a b r i c a t e d  
from a molybdenum (Mo-O.STij a i i o y  t o  u t i l i z e  the l o w  coef- 
f i c i e n t  of t h e r m a l  e x p a n s i o n  c h a r a c t e r i s t i c .  A welded con- 
s t r u c t i o n  b e l l o w s  f a b r i c a t e d  f rom I n c o n e l  "X" was useci f o r  
t h e  f e e d b a c k  mechanism. The b e l l o w s  were p u r c h a s e d  from 
Metal Bel lows  C o r p o r a t i o n ,  S h a r o n ,  M a s s a c h u s e t t s .  The V i c k e r s  
d e s i g n e d  t o r q u e  moto r  was c o n s t r u c t e d  f rom s t a n d a r d  equipment  
mater ia ls .  The magne t s  were A l n i c o  a5, armature and p o l e  
l a m i n a t i o n s  were M-6X s t e e l ,  Aluminum frame, and  i n s u l a t e d  
magnet  wire was used  f o r  t h e  c o i l s .  
3.7 S o l i d  P r o p e l l a n t  Gas G e n e r a t o r  
The s o l i d  p r o p e l l a n t  g a s  g e n e r a t o r  used  f o r  a l l  h i g h  t e m p e r a t u r e  
t e s t  was a n  e x i s t i n g  d e s i g n  used  on p r e v i o u s  NASA c o n t r a c t s .  A 
f u l l y  d e v e l o p e d  g r a i n  f o r m u l a t i o n ,  "OMAX 453 D", made by O l i n  
M a t h i e s o n  was used  t o  p r o v i d e  t h e  2000OF p n e u m a t i c  s o u r c e  t o  
t h e  t e s t  a p p r a t u s .  
The g e n e r a t o r  c o n s i s t s  of an  i g n i t o r ,  b r e e c h ,  two c u r e d  pro-  
p e l l a n t  g r a i n s ,  i n s u l a t i o n ,  and a b u r s t  d i a p h r a m  assembly .  
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The breech contains the two solid propellant ammonium nitrate 
end-burning grains which burn concurrently, producing a gas 
mass flow of 0.704 lbs/sec at 2000 psig pressure with a flame 
temperature of 2000OF. Pertinent ballistic properties and 
information is tabulated below: 
Symbol Description Value 
R Gas Constant 80.3 
K Ratio of Specific 
Heat 1.279 
M Gas Molecular 
Weight 19.25 





























SYSTEM TEST AND FLIGHTWEIGHT TWO-STAGE VALVE PERFORMANCE 
4 .1  Pneumat i c  Ra te  - S c h l i e r e n  S t u d y  
E a r l y  i n  t h e  program,  t h e  main s p o o l  t i p  d e s i g n  was s t u d i e d  u s -  
i n g  a S c h l i e r e n  two-dimens iona l  s c a l e  model t o  d e t e r m i n e  t h e  
b e s t  t i p  c o n f i g u r a t i o n  f o r  achievement  of pneumat i c  r a t e .  The 
d e s i g n  c r i t e r i a  was t o  s e n s e  t h e  e q u i v a l e n t  s u b - s o n i c  f l o w  d i s -  
c h a r g e  s t a t i c  p r e s s u r e  f o r  a p p l i c a t i o n  t o  t h e  a p p l i c a b l e  s p o o l  
a r e a s .  A n a l y s i s  o f  t h e  f l o w  p r o f i l e  a l o n g  t h e  s p o o l  a x i s  showed 
t h a t  t h e  pneumat i c  v e l o c i t y  would be  s o n i c  and p r o b a b l y  s u p e r -  
s o n i c  a t  t h e  area where  t h e  p r e s s u r e  f e e d b a c k  t a p  was d e s i r e d .  
T h u s ,  a s p o o l  t i p  c o n f i g u r a t i o n  was d e v e l o p e d  t o  p r o v i d e  a 
p r e s s u r e  p r o b e  downstream of t h e  h i g h  pneumat i c  v e l o c i t y  meter- 
i n g  o r i f i c e  s e c t i o n .  F i g u r e  10 shows t h e  S c h l i e r e n  f l o w  j e t  
p r o f i l e  d e s i g n s  t e s t e d .  S e v e r a l  p r o j e c t i o n  d e s i g n s  were t e s t e d  
t o  a c h i e v e  a c o n s t a n t  s h o c k  p r o j e c t i o n  i n d e p e n d e n t  of t h e  s p o o l  
p o s i t i o n .  A s  e x p e c t e d ,  a 3/4 i n c h  l o n g  p r o b e  would a s p i r a t e  
p r o v i d i n g  a somewhat n o n - l i n e a r  r a t e  r a n g i n g  f rom 40 t o  72% o f  
t h e  d i s c h a r g e  s t a t i c  p r e s s u r e  d e p e n d e n t  on s p o o l  p o s i t i o n .  
The b e s t  d e s i g n  s e l e c t e d ,  based  on  t h e  two d i m e n s i o n a l  S c h l i e r e n  
s t u d y ,  was a .030 h e i g h t  p r o j e c t i o n  by .040 wide  l o c a t e d  a t  t h e  
c e n t e r  of t h e  3/4 i n c h  p robe .  T h i s  d e s i g n  c r e a t e d  a pneumat i c  
s h o c k  wave, d e c r e a s e d  f l o w  t o  t h e  s u b - s o n i c  r e g i m e ,  and p r o v i d e d  
a p p r o x i m a t e l y  93% of t h e  d i s c h a r g e  s t a t i c  p r e s s u r e  f o r  pneumat i c  
PNEUMATIC FLOW JET PROFILE DESIGNS 
SCHLIEREN T W O  DIMENSIONAL FULL SCALE MODEL 
PRESSURE RATIO - 4: I N U L L  STROKE -.066 
L 
PLAIN TUBE 
NO SHOCK PROJECTION 
SHOCK PROJECTION 
END- -025 x -25 LONG 
SHOCK PROJECTION 
END-,015 x -040 LONG 
SHOCK PROJECTION 
E N D - - . 0 2 5  x .040 LONG 
SHOCK PROJECTION 
CENTER-.015 x -040 LONG 
FIGURE 
SHOCK PROJECTION 
C E N T E R - - 0 3 0  x .040 LONG 
IO 
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r a t e  f e e d b a c k .  
S i n c e  t h i s  v a l v e  development  a r ea  was c r i t i c a l  t o  d e s i r e d  v a l v e  
p e r f o r m a n c e ,  f u l l  s c a l e  t h r e e - d i m e n s i o n a l  f i x t u r e  hardware  was 
f a b r i c a t e d  a s  shown i n  F i g u r e  11. 
T h i s  f i x t u r e  was a l s o  e q u i p p e d  w i t h  a l o a d  c e l l  wh ich  p e r m i t t e d  
t h e  measurement of  s p c n l  pneumatic f l o w  f o r c e s .  F o g r  b a s i c  t i p  
d e s i g n s  were t e s t e d  and t h e  r e s u l t s  of  t h e s e  t e s t s  a r e  shown i n  
F i g u r e  12. A s  p r e v i o u s l y  s t a t e d ,  t h e  d e s i g n  c r i t e r i a  t o  r e a l i z e  
a c o n s t a n t  p n e u m a t i c  r a t e  would b e  100% p r e s s u r e  r e c o v e r y .  The 
d e s i g n  c e n t e r  s h o c k  p r o j e c t o r  s e l e c t e d  f rom t h e  S c h l i e r e n  s t u d y  
was v e r i f i e d .  Development  of t h e  c o n t o u r  t i p  d e s i g n  was de-  
v e l o p e d  l a t e r  i n  t h e  program and i s  d i s c u s s e d  i n  S e c t i o n  4.2. 
4.2 S p o o l  S t a b i l i z a t i o n ,  Flow F o r c e s ,  and Achievement  o f  
Des ign  G a i n s  
The  c e n t e r  shock  p r o j e c t i o n  t i p  d e s i g n  when i n c o r p o r a t e d  i n  t h e  
two-s t age  v a l v e  hardware  e x h i b i t e d  m a r g i n a l  v a l v e  s t a b i l i t y ,  
s e n s i t i v i t y  t o  s t e p  i n p u t  s i g n a l  a m p l i t u d e  and showed e v i d e n c e  
o f  a l i m i t  c y c l e  a r o u n d  t h e  n u l l  p o s i t i o n .  Based on g a s e o u s  
n i t r o g e n  t e s t i n g ,  t h e  e x p e r i m e n t a l  v a l v e  d e s i g n  g a i n s  were n o t  
i n  a c c o r d a n c e  w i t h  t h e  t h e o r e t i c a l  d e s i g n  g a i n s .  I t  was 
summarized t h a t  t h e  pneumat ic  s h o c k  wave f rom t h e  s p o o l  t i p  
was n o t  c o n s i s t e n t  t h r o u g h o u t  t h e  v a l v e  s t r o k e .  I n  a d d i t i o n ,  
s i n c e  pneumat ic  f l o w  f o r c e  i s  p r o p o r t i o n a l  t o  v e l o c i t y ,  and 
e x a m i n a t i o n  of  t h e  S c h l i e r e n  p h o t o g r a p h s  i n d i c a t e d  s u p e r - s o n i c  
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f l o w s  a l o n g  the  s p o o l  t i p ,  t h e  t i p  d e s i g n  was a l t e r e d  t o  p r o v i d e  
a t i p  d e s i g n  w i t h  t h e  s h o c k  p r o j e c t i o n  l o c a t e d  a s  
c l o s e  a s  p o s s i b l e  t o  t h e  s p o o l  m e t e r i n g  o r i f i c e  w i t h o u t  a f f e c t -  
i n g  t h e  m e t e r i n g  c h a r a c t e r i s t i c s .  T h i s  d e s i g n  w o u l d  r e d u c e  t h e  
m a g n i t u d e  o f  the v e l o c i t y  component  a p p l i c a b l e  t o  t h e  f l o w  f o r c e  
e q u a t i o n .  T h e  c o n t o u r e d  d e s i g n  was t e s t e d  i n  t h e  f l o w  f o r c e  
t e s t  f ' i x t u r e  and e x h i b i t e d  a v a l v e  p n e u m a t i c  r a t e  f e e d b a c k  p r e s -  
sure  of a p p r o x i m a t e l y  103% (see  F i g u r e  1 2 ) .  The  3% d i s c r e p a n c y  
i s  d u e  t o  d i s c h a r g e  m a n i f o l d  t u b e  l o s s e s  when c o m p a r i n g  f e e d b a c k  
p r e s s u r e  l e v e l  t o  d i s c h a r g e  p r e s s u r e  a t  t h e  i n j e c t i o n  n o z z l e .  
I t  s h o u l d  b e  n o t e d  t h a t  when no t i p  c o n f i g u r a t i o n  was t e s t e d  
t h a t  a v a l v e  f e e d b a c k  p r e s s u r e  of  162% of d i s c h a r g e  p r e s s u r e  
was o b s e r v e d .  Due t o  t h e  d e s i g n  and  p o s i t i o n  of  t h e  s p o o l  t i p ,  
t h e  !!no t i p "  d e s i g n  p r o v i d e d  a method o f  t a p p i n g  t h e  p r e s s u r e  
g r a d i e n t  a c r o s s  t h e  f a c e  of t h e  m e t e r i n g  s p o o l ,  t h u s  r e s u l t i n g  
i n  t h e  r e l a t i v e l y  h i g h  p e r c e n t a g e  o f  v a l v e  f e e d b a c k  p r e s s u r e .  
The  c o n t o u r  t i p  d e s i g n  was t e s t e d  u n d e r  g a s e o u s  n i t r o g e n  con-  
d i t i o n s  and r e s u l t e d  i n  a c h i e v e m e n t  o f  t h e  v a l v e  d e s i g n  g a i n s  
and  e x c e l l e n t  v a l v e  s t a b i l i t y .  A t a b u l a t i o n  o f  t h e  d e s i g n  
g a i n s  v e r s u s  t i p  d e s i g n  i s  shown i n  F i g u r e  13. 
Based  on s p o o l  f o r c e  m e a s u r e m e n t s  u s i n g  t h e  p n e u m a t i c  t e s t  
f i x t u r e ,  t h e  t o t a l  s p o o l  f o r c e s  were d e t e r m i n e d  f o r  t h r e e  
s e l e c t e d  p r e s s u r e  r a t i o s .  A m a t h e m a t i c a l  a n a l y s i s  of  t h e  
s p o o l  f o r c e s  u n d e r  i d e n t i c a l  f i x t u r e  c o n d i t i o n s  p e r m i t t e d  
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d e t e r m i n a t i o n  of t h e  va lve  f o r c e s  on a t h e o r e t i c a l  b a s i s .  T h u s ,  
a d i s c r e p a n c y  be tween t h e o r e t i c a l  and e x p e r i m e n t a l  c o r r e c t e d  
d a t a  would d e f i n e  t h e  magn i tude  o f  t h e  p n e u m a t i c  f l o w  f o r c e .  
A s  shown i n  F i g u r e  1 4 ,  t h e  e x p e r i m e n t a l  f o r c e  d a t a  c l o s e l y  
a g r e e s  w i t h  t h e  t h e o r e t i c a l  f o r c e  d a t a .  T h u s ,  p n e u m a t i c  f l o w  
f o r c e s  a p p e a r  t o  be  minor  ( l e s s  t h a n  s i x  p o u n d s ) .  
4.3 High Tempera tu re  Pneumat i c  (200O0F) P e r f o r m a n c e  
S i x  ( 6 )  h i g h  t e m p e r a t u r e  pneumat i c  t e s t  f i r i n g s  were c o n d u c t e d  
on t h e  t e s t  s t a n d ,  shown i n  F i g u r e  15, a t  V i c k e r s  I n c o r p o r a t e d ,  
T r o y ,  Michigan.  A l l  t e s t s  were conduc ted  i n  a s i m u l a t e d  SITVC 
a l t i t u d e  u s i n g  10 c u b i c  i n c h  volume d i s c h a r g e  m a n i f o l d s .  
A l l  s y s t e m  2000OF t e s t s  were p r e c e d e d  b y  g a s e o u s  n i t r o g e n  t e s t s  
f o r  c a l i b r a t i o n  and v a l v e  pe r fo rmance  v e r i f i c a t i o n .  I n l e t ,  
s e r v o  p r e s s u r e s  , v a l v e  c a s e  p r e s s u r e  , and o u t p u t  d i s c h a r g e  p r e s -  
s u r e s  were  mon i to red  i n  e a c h  t e s t .  I n  a d d i t i o n ,  i n p u t  s i g n a l  
c u r r e n t  was r e c o r d e d .  The g a s e o u s  n i t r o g e n  t e s t  d a t a  was u s e d  
f o r  c o r r e l a t i o n  w i t h  2000OF v a l v e  pe r fo rmance .  A l l  h i g h  temper-  
a t u r e  t e s t s  were c o n d u c t e d  i n  a c l o s e d  l o o p  mode o f  c o n t r o l .  
2000OF T e s t  a1 
The p u r p o s e  of t h i s  t e s t  was t o  d e t e r m i n e  t h e  s y s t e m  s t e a d y -  
s t a t e  per formance  and s y s t e m  p r o p o r t i o n a l i t y .  The v a l v e  f a i l e d  
i m m e d i a t e l y  f o l l o w i n g  i g n i t i o n  wh ich  p r o v i d e d  a minimum of  
m e a n i n g f u l  t e s t  i n f o r m a t i o n .  A f r a c t u r e  o c c u r r e d  a c r o s s  t h e  
main s e r v o  s e c t i o n  i n l e t  wh ich  p r e v e n t e d  s e r v o  o p e r a t i o n .  The 
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4-  I O  
i n i t i a l  d e s i g n  of  t h i s  p a r t i c u l a r  u n i t  was t o  use p i s t o n  r i n g s  
on a h a r d e n e d  s t e e l  b o r e .  A l t h o u g h  t h e  t e s t  was a f a i l u r e ,  two 
p o t e n t i a l  p r o b l e m  a r e a s  were  p r o j e c t e d ;  
(1) 
(2) 
t h e r m a l  s e n s i t i v i t y  of t h e  v a l v e  m a t e r i a l  a t  t h e  
d e s i r e d  h a r d n e s s  l e v e l  f o r  p i s t o n  r i n g  b o r e  
d e s i g n s ,  
v i s u a l  e v i d e n c e  o f  dynamic  s e a l  f a i l u r e  p o t e n t i a l  
w i t h  t h e  s e l e c t e d  r i n g - b o r e  d e s i g n .  
The p rob lem s o l u t i o n s  p r o j e c t e d  w e r e :  
(1) a n n e a l i n g  of  t h e  v a l v e  h a r d e n e d  p a r t s  t o  p r e v e n t  
t h e r m a l  s e n s i t i v i t y ,  and 
( 2 )  i n c o r p o r a t i o n  of g r a p h i t e  b u s h i n g s  f o r  t h e  m e t a l  
p i s t o n  r i n g  dynamic s e a l s .  
2000OF T e s t  a2 
T h i s  v a l v e  u n i t  was reworked t o  i n c o r p o r a t e  t h e  p r o j e c t e d  
s o l u t i o n s  f rom t e s t  f i r i n g  *1. The  o b j e c t i v e  of t e s t  *2 was 
t o  d e f i n e  s t e a d y  s t a t e  p e r f o r m a n c e  and s y s t e m  p r o p o r t i o n a l i t y .  
T h i s  t e s t  d e m o n s t r a t e d  a c c e p t a b l e  t h e r m a l  s e n s i t i v i t y  and 
dynamic  s e a l i n g  of  t h e  v a l v e  t h r o u g h o u t  t h e  f o r t y - t h r e e  s e c o n d  
t e s t  d u r a t i o n .  A n a l y s i s  o f  t h e  t e s t  d a t a  and v i s u a l  i n s p e c t i o n  
of t h e  v a l v e  h a r d w a r e  f o l l o w i n g  t h e  t e s t  showed a c o n t r o l  i n -  
s t a b i l i t y  p r o b l e m  upon i g n i t i o n  and  a l o s s  of  s e r v o  c o n t r o l .  
T h i s  v a l v e  c o n t a i n e d  t h e  c e n t e r  s h o c k  p r o j e c t i o n  t i p  d e s i g n  
4 -  11 
w h i c h  was p roven  t o  be  m a r g i n a l l y  s t a b l e  on  v a l v e  *3. I n s p e c -  
t i o n  o f  t h e  h a r d w a r e  showed t h a t  t h e  s e r v o  s e c t i o n  s h a f t  w h i c h  
t r a n s m i t s  s e r v o  p o s i t i o n  commands f r o z e ,  t h u s  p r e v e n t i n g  
a c t i v a t i o n  of  a c o n t r o l  p r e s s u r e  d i f f e r e n t i a l  t o  t h e  m a i n  
s t a g e  s p o o l .  However ,  t h e  t h e r m a l  s e n s i t i v i t y  and  dynamic  
s e a l  p r o b l e m  a r e a s  w e r e  c o r r e c t e d .  
2000’F T e s t  *3 
S i n c e  t e s t  f i r i n g  *2 i n d i c a t e d  a c o n t r o l  i n s t a b i l i t y  p r o b l e m ,  
a n a l y s i s  and e x t e n s i v e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  t h e  s p o o l  
s h o c k  p r o j e c t i o n  g e o m e t r y  d i c t a t e d  a d e s i g n  m o d i f i c a t i o n  of t h e  
s p o o l  t i p  t o  a c h i e v e  a c c e p t a b l e  s t a b i l i t y  and v a l v e  d e s i g n  g a i n  
p e r f o r m a n c e .  The c o n t o u r e d  t i p  d e s i g n  was i n c o r p o r a t e d  i n  t h i s  
u n i t .  I n  a d d i t i o n ,  t h e  s e r v o  yoke  and s h a f t  w e r e  m o d i f i e d  t o  
i n c o r p o r a t e  a s h i e l d  t o  p r o t e c t  t h e  s h a f t  b e a r i n g s  and t o  
i n c r e a s e  t h e  s e r v o  s t r o k e .  
E x c e l l e n t  h i g h  t e m p e r a t u r e  t e s t  d a t a  was o b t a i n e d  f o r  t h e  f i r s t  
twen ty -one  s e c o n d s  of  t h e  43 s e c o n d  d u r a t i o n  t e s t .  A s  c a n  be 
n o t e d  i n  r e s p o n s e  t r a c e s ,  p r e s e n t e d  i n  t h i s  s e c t i o n  of  t h e  
r e p o r t ,  low v a l v e  n o i s e  t o  i n p u t  s i g n a l  r a t i o  c h a r a c t e r i s t i c s  
were r e a l i z e d .  I n  a d d i t i o n ,  v a l v e  s e n s i t i v i t y  was  e x c e p t i o n a l  
i n  t h a t  v a l v e  o u t p u t  p e r f o r m a n c e  r e s p o n d e d  t o  i m p e r f e c t i o n s  i n  
t h e  “ t a p e d 1 ’  i n p u t  s i g n a l  p rogram s c h e d u l e .  A t  twen ty -one  
s e c o n d s ,  one  o f  t h e  d i s c h a r g e  m a n i f o l d s  s e p a r a t e d  f r o m  t h e  two 




t h u s  p r e v e n t i n g  f u r t h e r  c o n t r o l  o f  t h e  v a l v e .  A s  c o n f i r m e d  by 
t h i s  t e s t ,  good c o n t r o l  s t a b i l i t y  was a c h i e v e d .  The p r o j e c t e d  
s o l u t i o n s  t o  t h e  m a n i f o l d  f a i l u r e  problem was t o  e l i m i n a t e  t h e  
f i x e d  v a l v e  mount ing  and t o  mount t h e  v a l v e  i n  a f r e e  s u s p e n s i o n  
mode. 
2 0 o O O F  Test "4 
A n  a t t e m p t  w a s  made t o  i n c r e a s e  t h e  s e rvo  c o n t r o l  p r e s s u r e  l e v e l  
on  t h e  f o u r t h  u n i t  t o  a v e r a g e  t h e  s e r v o  c o n t r o l  d e c r e a s e  o b s e r v e d  
d u r i n g  p r e v i o u s  t e s t s .  A s  a r e s u l t ,  t h e  s e r v o  f r o z e  which p r e -  
v e n t e d  va lve  c o n t r o l  t h r o u g h o u t  t h e  44 s e c o n d  t e s t .  V i s u a l  
e x a m i n a t i o n  of  t h e  hardware a f t e r  t e s t  showed a f a i l u r e  of one  
of t h e  g r a p h i t e  b u s h i n g s .  F a i l u r e  of t h e  g r a p h i t e  b u s h i n g  was 
a t t r i b u t e d  t o  a p r e s s u r e  b u c k l i n g  of t h e  metal  s u p p o r t  s h e l l  a t  
t h e  t e m p e r a t u r e  o p e r a t i n g  s t r e s s  l e v e l .  The  p r o j e c t e d  s o l u t i o n  
of  t h e  m a r g i n a l  s t r u c t u r e  problem was t o  r e - d e s i g n  t h e  v a l v e  e n d  
c a p  geomet ry  t o  p r o v i d e  a s t r o n g e r  m e t a l  s u p p o r t  s h e l l  f o r  t h e  
g r a p h i t e .  The f r e e  s u s p e n s i o n  mount ing  o f  t h e  v a l v e  proved  
s u c c e s s f u l ,  and no  o t h e r  s t r u c t u r a l  p roblems were o b s e r v e d  o r  
e x p e r i e n c e d .  
2000OF Test * S  
The f i f t h  t e s t  f i r i n g  of t h e  two-s t age  p r e s s u r e  f e e d b a c k  v a l v e  
p roved  s u c c e s s f u l .  The s t r u c t u r a l  i n t e g r i t y  o f  t h e  r e d e s i g n e d  
s u p p o r t  s h e l l ,  w h i c h  e n c a s e s  t h e  g r a p h i t e  b u s h i n g s  and t h e  re- 
d e s i g n e d  end c a p  d i s c h a r g e  f l a n g e s  was p r o v e n  a t  o p e r a t i n g  
4-13 
t e m p e r a t u r e s .  F i g u r e  16 i l l u s t r a t e s  t h e  s t r u c t u r a l  i n t e g r i t y  
of t h e  f l i g h t w e i g h t  (4.24 l b . )  h a r d w a r e .  
E x c e l l e n t  e x p e r i m e n t a l  dynamic r e s p o n s e  d a t a  was r e c o r d e d  f o r  
a p p r o x i m a t e l y  90% of t h e  4 3  s e c o n d  d u r a t i o n  t e s t ,  N u l l  b i a s i n g  
was o b s e r v e d  d u r i n g  t h e  f i n a l  f i v e  s e c o n d s  o f  t h e  h o t  t e s t ,  
wh ich  p r e c l u d e d  a c c e p t a b l e  v a l v e  p e r f o r m a n c e .  I n  a d d i t i o n ,  
m o d e r a t e  o u t p u t  s i n e  wave d i s t o r t i o n  was o b s e r v e d  a t  t h e  h i g h  
f r e q u e n c i e s  (20 t o  40 c p s )  d u r i n g  t e s t .  
P o s t  e x a m i n a t i o n  and m a t h e m a t i c a l  a n a l y s i s  o f  t h e  s e r v o  s e c t i o n  
t h e r m a l  e x p a n s i o n  showed t h a t  t h e  d i s t o r t i o n  and b i a s i n g  were 
c a u s e d  by a m a r g i n a l  f f l o c k  downff c o n d i t i o n  o f  t h e  s e r v o  s e c t i o n  
a t  o p e r a t i n g  t e m p e r a t u r e .  The s i n e  wave d i s t o r t i o n  was r e p r o -  
duced  e x p e r i m e n t a l l y  u n d e r  g a s e o u s  n i t r o g e n  c o n d i t i o n s  by 
s i m u l a t i n g  a l o o s e  s e r v o  s e c t i o n .  The p r o j e c t e d  s o l u t i o n  was 
t o  i n c o r p o r a t e  b e l l e v i l l e  s p r i n g s  on t h e  f i r s t  s t a g e  t o  i n s u r e  
holddown o f  t h e  s e r v o  a t  t e m p e r a t u r e  and t o  m i n i m i z e  n u l l  
b i a s i n g .  
2000OF T e s t  "6 
T h i s  t e s t  was conduc ted  t o  d e t e r m i n e  t h e  s y s t e m  dynamic r e s p o n s e  
p e r f o r m a n c e .  The s i x t h  u n i t  was s u c c e s s f u l l y  t e s t  f i r e d  f o r  
46 s e c o n d s  d u r a t i o n .  E x c e l l e n t  dynamic and f r e q u e n c y  r e s p o n s e  
d a t a  were r e c o r d e d  t h r o u g h o u t  t h e  2000OF p n e u m a t i c  t e s t .  N u l l  
b i a s i n g ,  which was e x p e r i e n c e d  on t h e  f i f t h  h i g h  t e m p e r a t u r e  








l o c k  down on t h e  s e r v o  s t a g e .  C l o s e d  l o o p  f r e q u e n c y  r e s p o n s e  
was c o n d u c t e d  o u t  t o  50 c p s .  T h i s  d a t a  v e r i f i e d  t h e  p r e v i o u s l y  
r e p o r t e d  f r e q u e n c y  r e s p o n s e  v a l v e  c a p a b i l i t y  of 45 c p s  a t  
3 d b  a t t e n a t i o n .  A c l o s e - u p  v i e w  of t h e  f i n a l i z e d  t w o - s t a g e  
v a l v e  ha rdware  i s  shown i n  F i g u r e  1 7 .  
4 . 3 . 1  S t a t i c  and Dynamic P e r f o r m a n c e  
E x p e r i m e n t a l  t e s t s  c o n d u c t e d  on t h e  t w o - s t a g e  v a l v e  u n d e r  b o t h  
g a s e o u s  n i t r o g e n  and  2000OF p n e u m a t i c  c o n d i t i o n s  p r o v i d e d  a n  
e x c e l l e n t  c o r r e l a t i o n  b e t w e e n  70°F and 2000OF p n e u m a t i c s .  
F i g u r e  18 i l l u s t r a t e s  b o t h  t h i s  c o r r e l a t i o n  and t h e  p r o p o r -  
t i o n a l i t y  of t h e  t w o  s t a g e  unit u n d e r  c l o s e d  l o o p  p e r f o r m a n c e  
c o n d i t i o n s .  
F i g u r e  19 i l l u s t r a t e s  t y p i c a l  s i n e  wave i n p u t - o u t p u t  p e r f o r m -  
a n c e .  A l l  f r e q u e n c y  r e s p o n s e  d a t a  was r e d u c e d  and  c o r r e c t e d  
f o r  p r e s s u r e  and i n p u t  a m p l i t u d e ,  and i s  shown i n  F i g u r e s  20 
and 21. I t  s h o u l d  be  n o t e d  t h a t  t h e  i n p u t  s i g n a l  a m p l i t u d e  
was a p p r o x i m a t e l y  57% and t h e  damping r a t i o  showed a s l i g h t  
i n c r e a s e  from 0.45 t o  0.5 b e t w e e n  70°F n i t r o g e n  and 2000OF 
p n e u m a t i c  d a t a .  
F i g u r e  22 i l l u s t r a t e s  t y p i c a l  s t e p  r e s p o n s e  t r a c e s  a t  2000'F 
f o r  a 27% command, 56% command, and  100%' command. S i n c e  i t  i s  
d i f f i c u l t  t o  e x p e r i m e n t a l l y  a c h i e v e  a p u r e  s t e p  i n p u t ,  a l l  
e x p e r i m e n t a l  r e s p o n s e  t imes have  b e e n  t r e a t e d  a s  a h i g h  r i s e  
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I 
1 
d e l a y  b e t w e e n  t h e  a p p l i c a t i o n  of  a n  e l e c t r i c a l  i n p u t  r f s t e p l t  
s i g n a l  and t h e  r e s u l t i n g  o u t p u t  I f s t e p "  s i g n a l .  The time 
m e a s u r e m e n t s  f o r  t h e  ! ' s t ep f1  s i g n a l s  a r e  made a t  t h e  50% of  
f i n a l  v a l u e  p o i n t .  
F i g u r e  24 i s  a c o m p o s i t e  curve i l l u s t r a t i n g  t h e  t e m p e r a t u r e  
p r o f i l e  o f  t h e  t w o - s t a g e  v a l v e .  A s  shown,  t h e  two l e g s  of 
t h e  d i s c h a r g e  p r e s s u r e  a r e  n e a r  f i n a l  SITVC t e m p e r a t u r e  t e n  
s e c o n d s  a f t e r  i g n i t i o n .  The d i f f e r e n t i a l  t e m p e r a t u r e  a c r o s s  
t h e  v a l v e  i s  a p p r o x i m a t e l y  7 5 O F .  By u s i n g  t h e  p y r o l y t i c  
g r a p h i t e  h e a t  s h i e l d  on  t h e  s e rvo  h o u s i n g  t h e  t o r q u e  m o t o r  
e x t e r i o r  t e m p e r a t u r e  n e v e r  e x c e e d e d  250°F d u r i n g  t h e  f u l l  
t e s t  d u r a t i o n .  
4.4 Analog  - E x p e r i m e n t a l  (Gaseous N2 and 200O0F) C o r r e l a t i o n  
The  c o r r e l a t i o n  of v a l v e  p e r f o r m a n c e  when o p e r a t i n g  w i t h  g a s e o u s  
n i t r o g e n  and 2000OF p n e u m a t i c s  i s  of  p r i m e  i m p o r t a n c e  f o r  v a l v e  
c a l i b r a t i o n  and d e s i g n  p u r p o s e s .  T h i s  c o r r e l a t i o n  c a n  b e  
I 
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a n a l y t i c a l l y  e v a l u a t e d  b a s e d  on p n e u m a t i c  f l o w  t h r o u g h  a s o n i c  
o r i f  i c e .  
The  b a s i c  e q u a t i o n  f o r  s o n i c  f l o w  t h r o u g h  a n  o r i f i c e  i s :  
w h e r e :  Q = f low r a t e  - l b / s e c  
C = o r i f i c e  f l o w  c o e f f i c i e n t  (Jo?i/sec> ( d e p e n d e n t  on 1 
t h e  g a s e o u s  thermodynamic  p r o p e r t i e s )  
C d  = o r i f i c e  d i s c h a r g e  c o e f f i c i e n t  
A = o r i f i c e  e f f e c t i v e  a r e a  - i n c h 2  
P u  = u p s t r e a m  a b s o l u t e  p r e s s u r e  - p s i a  
T u  = u p s t r e a m  s t a g n a t i o n  t e m p e r a t u r e  - O R  
The  d e t a i l e d  thermodynamic  e q u a t i o n  f o r  t h e  o r i f i c e  f l o w  c o e f -  
f i c i e n t  ( C 1 )  i s  c o n t a i n e d  i n  Append ix  A .  
C 1  f o r  N2 i s  0 . 5 2 2 F R / s e c  
C1 f o r  OMAX 453D s o l i d  p r o p e l l a n t  i s  0 . 4 1 3 m / s e c  
S i n c e  = .Cd,  A ,  and  P u  a r e  b a s i c a l l y  c o n s t a n t s  w h i c h  a r e  n o t  d e -  
p e n d e n t  on thermodynamic  p r o p e r t i e s ,  e q u a t i o n  (1) can  be 






















r e a r r a n g i n g  arid s u b s t i t u t i n g ,  
& N2 = A (453D)  0.522 2460 
0.413 4- 
t . h u s ,  
Tile c o r r e l a t i o n  d a t a  f o r  t h e  a n a l o g ,  e x p e r i m e n t a l  g a s e o u s  
n i t r o g e n ,  and e x p e r i m e n t a l  20000F d a t a  i s  t a b u l a t e d  i n  
F i g u r e  25. 
I t  s h o u l d  be n o t e d  t h a t  t h e  r e s p o n s e  times s t a t e d  do n o t  i n -  
c l u d e  t h e  d e l a y  t i m e s  from i n i t i a t i o n  of  e l e c t r i c a l  command t o  
s t a r t  of t h e  r i s e  t i m e .  I n  a d d i t i o n ,  t h e  e x p e r i m e n t a l  d a t a  i s  
b a s e d  on a s e r v o  volume of  a p p r o x i m a t e l y  d o u b l e  t h e  t h e o r e t i c a l  
s i m u l a t e d  volume due  t o  t h e  u s e  of  i n s t r u m e n t a t i o n  p r o b e s .  The 
d o u b l e  volume would  p roduce  a n  i n c r e a s e  i n  r e s p o n s e  s i n c e  more 
volume demands an  i n c r e a s e  i n  c o m p r e s s i b i l i t y  f l o w .  
Based  on F i g u r e  2 5 ,  good t h e o r e t i c a l  t o  e x p e r i m e n t a l  c o r r e l a t i o n  
was a c h i e v e d  i n  respec t  t o  r e s p o n s e ,  s y s t e m  damping r a t i o ,  and 
s y s t e m  g a i n s .  A s  e v i d e n c e d  by t h e  d a t a  and F i g u r e  18, a s l i g h t  
g a i n  i n c r e a s e  i s  e x p e r i e n c e d  f rom g a s e o u s  n i t r o g e n  t o  2000OF 
p n e u m a t i c  p e r f o r m a n c e .  
4 .5  Dynamic Sea l s  
The  a p p l i c a t i o n  of  s p e c i a l  d e s i g n  h i g h  t e m p e r a t u r e  p i s t o n  r i n g s  
w i t h  g r a p h i t e  b o r e s  f o r  t h e  2000OF pneumat i c  e n v i r o n m e n t  p r o v i d e d  
42 27 
T h e o r e t i c a l  E x p e r i m e n t a l  
Des c r i p  t i d n  Analog  OMAX 4 5 3 D  Gaseous  N k  
20OOOF 20OOOF 
A .  * S t e p  Response-50% command a m p l i t u d e  
Rise  Time -M-sec 4 . 0  6-8 
% O v e r s h o o t  33% 10 t o  18% 
S e t t l i n g  Time -M-sec 
t o  90% of  F i n a l  V a l v e  12 9 t o  1 4  
B .  Damping R a t i o  0 .40 0.50 
C .  Sys t em G a i n  14 .4  15.0 
70°F 
9 t o  11 
15 t o  28% 
n i l  
0.45 
1 3 . 7  
n o u t p u t  = psI 
A I n p u t  MA 
* Based on t h e  a s s u m p t i o n  t h a t  dynamic pe r fo rmance  a p p r o x i m a t e s  
a second o r d e r  s y s t e m .  
CORRELATION OF THEORETICAL AND EXPERIMENTAL 
FIGURE 25 
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a n  e x c e l l e n t  dynamic s e a l  c o n f i g u r a t i o n .  A s  shown i n  F i g u r e  1 
( S e c t i o n  2) d u a l  p i s t o n  r i n g s  were  used  on e a c h  s p o o l  d i a m e t e r  
f o r  r e l i a b i l i t y  p u r p o s e s .  The s e r v o  and p n e u m a t i c  r a t e  e f f e c t i v e  
s p o o l  a r e a s  were d i a m e t r i c a l l y  s e a l e d  w i t h  a c o m b i n a t i o n  two r i n g  
s e a l .  The o u t e r  r i n g  was f a b r i c a t e d  f rom a d u c t i l e  i r o n - p a r c o  
l u b r i z e d  a l l o y  and t h e  i n n e r  e x p a n d e r  r i n g  was f a b r i c a t e d  from 
I n c o n e l  X m a t e r i a l .  The c e n t e r  s h a f t  i n c o r p o r a t e d  o n l y  t h e  
o u t e r  d u c t i l e  i r o n - p a r c o  l u b r i z e d  a l l o y  p i s t o n  r i n g .  Use of  t h e  
i n n e r  e x p a n d e r  r i n g  on t h e  c e n t e r  s h a f t  was n o t  p e r m i t t e d  due t o  
s i z e  l i m i t a t i o n s .  The S t a c k p o l e  331 g r a p h i t e  e x h i b i t e d  modera t e  
w e a r  a f t e r  N2 c a l i b r a t i o n  t e s t s  of f i v e  t o  t e n  m i n u t e s  d u r a t i o n  
b u t  d i d  n o t  a f f e c t  s e a l i n g  p e r f o r m a n c e .  A l l  dynamic  s e a l s  p e r -  
formed a c c o r d i n g  t o  d e s i g n  e x p e c t a t i o n s  and a r e  c o n s i d e r e d  
a c c e p t a b l e  and r e l i a b l e  f o r  20000F p n e u m a t i c  e n v i r o n m e n t s .  
I n  g e n e r a l ,  t h e  g o l d  p l a t e d  I n c o n e l  X m e t a l  fVeelf s t a t i c  s e a l s  
pe r fo rmed  s a t i s f a c t o r i l y  f o r  p u r p o s e s  of  t h e  deve lopmen t  program.  
However ,  t h e y  a r e  n o t  c o n s i d e r e d  r e l i a b l e  s i n c e  s e a l  l e a k a g e  was 
e x p e r i e n c e d  u n p r e d i c t a b l y  r e g a r d l e s s  of t h e  e x t r e m e l y  c l o s e  
m e c h a n i c a l  t o l e r a n c e s  and f i n i s h e s  r e q u i r e d .  The p n e u m a t i c  
l e a k a g e s  e x p e r i e n c e d  d u r i n g  t h e  2000OF t e s t i n g  were t o l e r a b l e  
and d i d  n o t  a p p e a r  t o  a f f e c t  v a l v e  p e r f o r m a n c e  f o r  t h e  43 s e c o n d  
nomina l  d u r a t i o n  t e s t .  
The R a y b e s t o s  M a n h a t t a n  A-56 g a s k e t  s t a t i c  s e a l s  were used  o n l y  
a t  t h e  i n t e r f a c e  of  t h e  v a l v e  and d i s c h a r g e  m a n i f o l d s .  The 
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g a s k e t  m a t e r i a l  pe r fo rmed  s a t i s f a c t o r i l y  t h r o u g h o u t  t h e  t e s t  
d u r a t i o n .  
4.6 Per formance  o f  C o n s t r u c t i o n  M a t e r i a l s  
B G - 4 2  Vac A r c  ( L a t r o b e  S t e e l  Company) h i g h  s p e e d  s t e e l  was used  
f o r  t h e  b a s i c  v a l v e  h o u s i n g s .  B G - 4 2  i s  e s s e n t i a l l y  a m a r t e n s i t i c  
s t a i n l e s s  s t e e l .  The v a l v e  h o u s i n g s  were f a b r i c a t e d  u s i n g  t h e  
B G - 4 2  m a t e r i a l  i n  t h e  a n n e a l e d  c o n d i t i o n  w i t h  t h e  e x c e p t i o n  of  
t h e  f i r s t  t e s t  u n i t .  
A s  a r e s u l t  of t h e  2000OF pneumat i c  e n v i r o n m e n t  t e s t s ,  t h r e e  
u n d e s i r a b l e  m a t e r i a l  c h a r a c t e r i s t i c s  were  e x p e r i e n c e d .  
(1) B G - 4 2  m a t e r i a l  i s  t h e r m a l  s h o c k  s e n s i t i v e  when used  i n  t h e  
h e a t  t r e a t e d  c o n d i t i o n .  
( 2 )  When t h e  a n n e a l e d  c o n d i t i o n  B G - 4 2  m a t e r i a l  v a l v e  was sub -  
j e c t e d  t o  2000OF f o r  t h e  43 s e c o n d  d u r a t i o n  t e s t i n g ,  t h e  
i n t e r n a l  v a l v e  s e c t i o n s  were  h e a t  t r e a t e d  non-un i fo rmly  
t o  h a r d n e s s  v a l u e s  i n  t h e  Rockwel l  lC1l 58 r a n g e .  S i n c e  
t h e  i n t e r n a l  s e c t i o n s  were e s s e n t i a l l y  ! ' h e a t  t r e a t e d "  and 
t h e  e x t e r n a l  c a s e  was a n n e a l e d ,  t h e  v a l v e  case  was sub-  
j e c t e d  t o  e x t r e m e l y  h i g h  i n t e r n a l  s t r e s s e s .  A s  a r e s u l t  
t h e  v a l v e  h o u s i n g  would c r a c k  i n  a 2 t o  15 h o u r  p e r i o d  
f o l l o w i n g  h o t  t e s t .  
( 3 )  A h i g h  d e g r e e  of  l l c r e e p "  a t  t e m p e r a t u r e  was e x p e r i e n c e d  
u s i n g  t h e  B G - 4 2  m a t e r i a l .  F o r  e x a m p l e ,  t h e  i n l e t  s o n i c  
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o r i f  ice  ( f a b r i c a t e d  f rom RA-330) which  e x h i b i t s  a h i g h e r  
c o e f f i c i e n t  of e x p a n s i o n  t h a n  BG-42 was a s s e m b l e d  w i t h  a 
p r e s s  f i t  i n  t h e  v a l v e  h o u s i n g .  F o l l o w i n g  a t e s t  f i r i n g  
t h e  i n l e t  o r i f i c e  was c o m p l e t e l y  f r e e  and would d i s l o d g e  
f rom t h e  v a l v e  w i t h  a m i n i m u m  of e f f o r t .  I n  a d d i t i o n ,  
t h e r e  i s  e v i d e n c e  of l e a k a g e  a round t h e  i n l e t  o r i f i c e  
d a r i n g  one t e s t  f i r i n g .  
I t  s h o u l d  be n o t e d  t h a t  t h e  BG-42 e x h i b i t e d  a comple t e  
l o s s  of  c o r r o s i o n  r e s i s t a n c e  f o l l o w i n g  a t e s t  f i r i n g  and 
showed a v e r a g e  c o r r o s i o n  r e s i s t a n c e  i n  t h e  a n n e a l e d  s t a t e  
p r i o r  t o  t e s t  f i r i n g .  
The  s p o o l  and m e t e r i n g  o r i f i c e s  ( i n c l u d i n g  s e r v o  o r i f i c e s )  
were f a b r i c a t e d  f rom RA-330, an a u s t e n i t i c  s u p e r  a l l o y  
s t a i n l e s s  s t e e l  w h i c h  e x h i b i t s  e x c e l l e n t  s t r e s s  r u p t u r e  
and c r e e p  p r o p e r t i e s  f o r  2000OF s e r v i c e .  I n  a l l  t e s t  
f i r i n g s ,  RA-330 performed v e r y  s a t i s f a c t o r i l y  and  d i d  n o t  
e x h i b i t  any d i m e n s i o n a l  change .  T h i s  m a t e r i a l  was s u b j e c t e d  
. t o  s o n i c  and s u p e r s o n i c  2000OF pneumat i c  f l o w s  i n  t h e  meter- 
i n g  s e c t i o n  o f  t h e  v a l v e  and  e x h i b i t e d  e x c e l l e n t  e r o s i o n  
r e s i s t a n c e .  
No e v i d e n c e  o f  d e t e r i o r a t i o n  was e x p e r i e n c e d  u s i n g  t h e  
S t a c k p o l e  331 g r a p h i t e  b o r e s .  The o p e r a t i o n a l  pe r fo rmance  
was s a t i s f a c t o r y .  
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The p y r o l y t i c  g r a p h i t e  h e a t  s h i e l d  w h i c h  s e r v e d  a s  a 
t h e r m a l  b a r r i e r  f o r  t h e  t o r q u e - m o t o r - s e r v o  s e c t i o n  f rom 
t h e  main  v a l v e  h o u s i n g  was u s e d  f o r  a l l  s i x  ( 6 )  2000OF 
t e s t s .  NO e v i d e n c e  of  d e t e r i o r a t i o n  was o b s e r v e d .  
A l l  m i s c e l l a n e o u s  m a t e r i a l s  u s e d  i n  o t h e r  v a l v e  a r e a s ,  
303 s t a i n l e s s ,  A-286 s t u d s  and  l o c k  n u t s ,  A M - 3 5 0  b e l l o w s ,  
and  molybdenum (M0+1/2Ti) yoke  and s h a f t  p e r f o r m e d  t o  
d e s i g n  s p e c i f i c a t i o n s .  
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SECTION 5 
INVESTIGATION OF TWO-STAGE VALVE 5500OF POTENTIAL 
5.1 Ef fec t  of Major P a r a m e t e r  V a r i a t i o n s  
The two-s tage  v a l v e  d e s i g n  c o n c e p t  was e x p l o r e d  t o  d e t e r m i n e  
t h e  e f fec t  ob 1,500, 2 m ,  and 2?m p s i  system supply  9peratinq 
p r e s s u r e  l e v e l s ,  mass flows o f  0.58 t o  5.0 l b / s e c ,  and o p e r a t i o n  
a t  2 0 0 0 O F  and 5500°F pneumat ic  s u p p l i e s .  
The resu l t s  of these s t u d i e s  a re  t a b u l a t e d  i n  F i g u r e  26. Con- 
s i d e r i n g  t h e  p r e s s u r e  v a r i a t i o n  r a n g e  s t u d i e s ,  (1500 t o  2700 
p s i )  no s p e c i f i c  improvement c o u l d  be e x t r a p o l a t e d  f rom t h e  
d a t a  f o r  t h e  h i g h e r  p r e s s u r e  sys t em.  A d e f i n i t e  improvement 
i n  dynamic r e s p o n s e  c a n  be realized by i n c r e a s i n g  t h e  pneu- 
m a t i c  f l u i d  o p e r a t i n g  t e m p e r a t u r e  l e v e l  f rom 2000OF t o  55000F. 
F i g u r e  27 i l l u s t r a t e s  t h e  raagnitude of  improvement .  As shown, 
t h e  2000OF s y s t e m  p r o v i d e s  a r e s p o n s e  i n  t h e  o r d e r  o f  8 m i l l i -  
s e c o n d s .  The  5500OF s y s t e m  p r o v i d e s  a r e s p o n s e  i n  t h e  o r d e r  of  
4% m i l l i s e c o n d s .  I t  s h o u l d  be n o t e d  t h a t  a two-s t age  v a l v e  de- 
s i g n  u s i n g  a 5500OF p r i m a r y  f l o w  s t a g e  w i t h  a 2000OF s e r v o  f l o w  
s t a g e  p r o v i d e s  a dynamic r e sponse  c a p a b i l i t y  e q u i v a l e n t  t o  a 
100% 5500OF pneumat i c  system. T h i s  would i n d i c a t e  t h a t  t h e  
main c o n t r i b u t i o n  a f f e c t i n g  dynamic r e s p o n s e  is  t h e  downst ream 
d i s c h a r g e  m a n i f o l d  volume r a t h e r  t h a n  any dynamic l i m i t a t i o n s  
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EFFECT OF SYSTEM TEMPERATURE LEVEL 
ON STEP INPUT DYNAMIC PERFORMANCE v s. 
MASS FLOW LEVEL 







f r o m  t h e  s e r v o  s t a g e .  F i g u r e  27 a l s o  i l l u s t r a t e s  t h a t  s p e c i f i c  
r e s p o n s e  c a p a b i l i t y  c a n  be a c h i e v e d  i n d e p e n d e n t  of mass f low 
c a p a c i t y  by s e l e c t i v e  d e s i g n  of t h e  s e r v o  s t a g e .  
F i g u r e  28 i l l u s t r a t e s  t h e  s c a l i n g  of t h e  two-s tage  v a l v e  w i t h  
r e s p e c t  t o  mass f l o w  c a p a c i t y  f o r  a 2000OF and  5500OF sys t em.  
The main c o n t r i b u t i o n  f o r  w e i g h t  i n c r e a s e  f o r  5500OF s y s t e m  
o p e r a t i o n  i s  t h e  m a t e r i a l s  i n t e g r i t y  f o r  5500OF s e r v i c e .  
O b v i o u s l y  a t r ade  o f f  p o i n t  w i l l  be  r e a l i z e d  where  e l e c t r i c a l  
t o r q u e  motor  s t a g e d  pe r fo rmance  w i l l  y i e l d  t o  h y d r a u l i c  o r  
more p r a c t i c a l  means o f  c o n t r o l  f o r  t h e  h i g h e r  mass flow 
c a p a c i t i e s .  
5 .2  5500OF Two-Stage C o n c e p t u a l  D e s i g n  
The two-stage electro-pneumatic-mechanical d e s i g n  c o n c e p t  was 
PPPlleP t o  e x p l o r e  t h e  d e s i g n  c o n c e p t  p o t e n t i a l  f o r  use i n  
5500OF a l u m i n i z e d  p r o p e l l a n t  s y s t e m s .  Based on t h i s  s t u d y ,  
F i g u r e  29 shows t h e  c o n c e p t u a l  d e s i g n  of  a two-s tage  pro-  
p o r t i o n a l  5500OF pneumat i c  v a l v e .  A l t h o u g h ,  a l t e r n a t i v e  
d e s i g n s  such as u s i n g  a 2000OF s e r v o  a m p l i f i c a t i o n  s t a g e  
c o u l d  be used f o r  c o n t r o l l i n g  t h e  5500OF p r i m a r y  f l o w ,  t h i s  
s t u d y  was based on u s i n g  a p e r c e n t a g e  o f  t h e  550O0F i n l e t  
g a s  f o r  servo c o n t r o l .  As shown i n  F i g u r e  2 9 ,  t h e  b a s i c  
c o n s t r u c t i o n  i s  compr i sed  of a b l a t i v e  m a t e r i a l s  and t u n g s t e n  
i n  t h e  c r i t i c a l  f l ow m e t e r i n g  a r e a s .  The main s p o o l  i s  
" b u r i e d "  i n  a n  a b l a t i v e  i n s u l a t i o n  s t r u c t u r e  t o  min imize  
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is a multi-material construction to utilize tungsten for the 
metering edge backed by an insulator and super alloy stainless 
for the "buried" spool control sections. Tungsten materials 
are recommended for the servo yoke and orifice section. The 
torque motor is protected by a grain oriented pyrolytic 
graphite shield. 
The bellows feedback mechanisms would utilize AM-350 or 
Inconel "X" material bellows based on previous verification 
tests in a 5600OF pneumatic environment. The application of  
stainless bellows materials in 5 6 0 0 O F  environments is function- 
ally achieved by utilizing the low thermal conductivity 
stagnated gas barrier principle such as was applied to the 
developed 2000OF two-stage valve. 
With the exception of materials and construction, the design 
concept and system logic is identical t o  the developed two- 
stage valve. The system logic is explained in detail in 
Section 3. 
Since the 5500OF valve concept is designed to ingest the com- 
bustion products of alumized propellant, the servo must be 
protected from plating of the aluminum oxide and plugging of 
the servo orifices. This is accomplished by incorporating a 
combination servo filter. For this study, the following design 
and propellant formulation requirements were assumed. 
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Prope l l an t  B a l l i s t i c  Data:  
A r c i t e  373 G e l  Type ( A t l a n t i c  Research Corp.) composition 
% by weight. 
Ammonium P e r c h l o r a t e  - 58.90 
Aluminum 21.10 
Polyvingl  Chlor ide 8.62 
Dioc ty l  Adipate 11.13 
Wetting Agent 0.25 
Combustion Products  (% by weight ) :  
co 25.51 
co2 0.35 
H 2  38.30 
4.00 
13.41 HC L 
N 2  6.81 
A 1  C 1  2.45 
A1203 ( l i q u i d )  9.17 
H20 
A1203 ( s o l i d )  0.00 
Thermodynamic P r o p e r t i e s :  
Flame Temperature - T 3317OK 
Ra t io  o f  S p e c i f i c  Heat - K 1.185 
Molecular W t .  - M 29.5 
Gas Constant - R 52.34 ft/OR 
5500OF Two-Stage Valve Design: 
Flow Rate - w - 0.704 lb /sec  
Servo Flow Rate - 3% of .704 = .0211 lb /sec  
P rope l l an t  Combustion Products  = 9.17 w t  % A1203 
Assuming a 60 second d u r a t i o n  t e s t  
T o t a l  mass flow = .704 lb / sec  x 60 s e c  = 42.24 l b  
T o t a l  se rvo  flow = .0211 lb /sec  x 60 s e c  = 1.264 l b  
Therefore:  9.17% of 1.264 l b .  s e r v o  flow 
= 0.116 l b .  alum t o  s e rvo  
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= .909 i n 3  o f  aluminum t o  s e r v o  0.116 l b s  .. .128 l b s / i n 3  
Assuming t h a t  t h e  d e n s i t y  o f  t h e  aluminum o x i d e  p r o d u c t  i s  
a p p r o x i m a t e l y  o n e - t h i r d  its normal  d e n s i t y  when i t  i s  a t  
5500OF t e m p e r a t u r e ,  t h e n  t h e  t o t a l  a l u m i n u m  o x i d e  i n g e s t e d  
by t h e  s e r v o  would be e q u i v a l e n t  t o  2.7 c u b i c  i n c h e s  d u r i n g  
a 60 second  d u r a t i o n .  As shown i n  F i g u r e  29,  t h e  5500OF 
v a l v e  i n c o r p o r a t e s  a v o r t e x  chamber  p r i m a r y  f i l t e r  and a 
p o r o s i t y  t y p e  s e c o n d a r y  bypass  f i l t e r .  The v o r t e x  f i l t e r  
i s  i n t e n d e d  t o  remove 90% of t h e  aluminum o x i d e  and  t h e  
s e c o n d a r y  f i l t e r  i s  i n t e n d e d  t o  a p p r o a c h  100% f i l t r a t i o n .  
5.2.1 Materials and S t r e s s  A n a l y s i s  
For  t h e  pu rpose  o f  d i rec t  c o m p a r i s o n  w i t h  t h e  2 W ° F  deve loped  
two-s tage  v a l v e ,  t h e  mass f l o w  c a p a c i t y  and t h e  s y s t e m  o p e r a t -  
i n g  p r e s s u r e  l e v e l s  were assumed a t  .704 l b / s e c  and 2000 p s i  
s u p p l y  p r e s s u r e .  A s u r v e y  of c a n d i d a t e  x a t e r i a l s  f o r  t h e  
5500OF v a l v e  was conducted  and a g r a p h i t e  l a m i n a t e ,  d e s i g n a t e d  
C C A l  was se lec ted  f o r  t h e  a b l a t i v e  v a l v e  h o u s i n g  c o n s t r u c t i o n .  
The f o l l o w i n g  material  - s t ress  a n a l y s i s  was conduc ted  t o  de t e r -  
mine t h e  v a l v e  s izes .  
5.3 A b l a t i v e  Va lve  Body S t r e n g t h  
V a l v e  Body 
CCAI - A b l a t i v e  M a t e r i a l  H i t c o  G a r d e n a ,  C a l i f o r n i a  
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I 
S t r u c t u r a l  S t r e n g t h  
l n s u l a t  i o n  
C h a r  
- 
P a r a g r a p h  4 of T e s t  F i r i n g  Data f o r  a b l a t i v e  p e r f o r m a n c e  
s t a t e s  "1 
"Average  e r o s i o n  ra te  i s  7.0 m i l s / s e c "  ,007 x 60 = .42 i n c h  
The .468D i s  e q u i v a l e n t  t o  t h e  a r e a  o f  p n e u m a t i c  f l ow s l o t s  
I 
i n  t h e  e n d  cap o f  2000 p s i  v a l v e  #100051-x 
- PR Hoop S t r e s s :  S2 - t- 
Where :  S = S t r e s s  - p s i  
p = I n t e r n a l  P r e s s  - p s i  
R = R a d i u s  - I n c h  
t = W a l l  T h i c k n e s s  - I n c h  
T h r u  P a s s a g e  
: p = 750 p s i  
l e t  t = .300 R = .654 + .15 
T e n s i l e  s t r e n g t h  V i r g i n  L a m i n a t e  
Roach  p268 Case 1 "2 
,804 
= 603 = 2010 p s i  
.3 
= 20,200 $1 1 O : l  S .F .  
T e n s i l e  s t r e n g t h  C h a r r e d  L a m i n a t e  = 7 ,400  
~~ ~~ 
'1 M i l l i n g t o n ,  R . B . ,  C a r b o n  & G r a p h i t e  A b l a t i v e  R e i n f o r c e m e n t s ,  
"2 Roark, Raymond J., F o r m u l a s  f o r  S t r e s s  & S t r a i n ,  McGraw H i l l ,  
H i t c o ,  Feb.,  1965. 
New York, 1954. 





















I -  .*. Valve body diameter i n  area of flow area i s  t o  be 
1.308 + .6 = 1.900 inch 
I 
A t  O u t l e t  
p = 375 p s i  l e t  S = 4000 p s i  F ind  t R - 1.0 inch 
t = -103 (375)(1.0+t) t I 4000 = 







Second Stage (Meta l l ic )  
Hoop S t r e s s  - (sh)  
- 
.75 D -+ e-+- 
l e t  t = .10 562+750 (.1) .1 
- -   637 = 6370 p s i  
.1 
I Shear Area: . 7 5 ~  h = 2.36h 
Area Under Press:  
Load: .3167 (1500) = 475 l b .  
(.4418-.1251) = .3167 i n 2  43 1500 p s i  I 
I - P = 475 Axial 
Shear S t r e s s :  % - A  2.3ah 
1500 p s i  
l e t  h = .125 Ss = 475/.295 = 1610 p s i  I 
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The f o l l o w i n g  w e i g h t  a n a l y s i s  i l l u s t r a t e s  t h e  a n t i c i p a t e d  
f l i g h t w e i g h t  b a s e d  on  s e l e c t e d  m a t e r i a l s  c a p a b l e  of t h e  
5500OF env i ronmen t .  
We i g  h t E s t ima t e 
M e t a l  p o r t i o n  of v a l v e  i n c l u d i n g  t o r q u e  moto r  3.5 l b  
A b l a t i v e  M a t e r i a l  of  Body 





- Body - 
- I n l e t  - 
P a s s a g e  - - 
58 .87  i n 3  x .05 l b / i n 2  = 2.9 l b .  
3 Tungs ten  F i l t e r  (2 .5-2.0)  (2)=(4.9-3.14) (2)=3.52 i n  x. 6881b/in3=2. 4 l b  
F i l t e r  and B a f f l e  =1.5 l b  






















CONCLUSIONS AND RECOMMENDATIONS 
The two-s tage  p r o p o r t i o n a l  2000OF p n e u m a t i c  v a l v e  d e s i g n e d  and 
e v a l u a t e d  u n d e r  C o n t r a c t  NAS 1-4102 i s  i n t e n d e d  f o r  a p p l i c a t i o n  
t o  f l i g h t w e i g h t  s o l i d  p r o p e l l a n t  s y s t e m s  f o r  e i t h e r  t h r u s t  
v e c t o r  c o n t r o l  o r  a t t i t u d e  (PYR) c o n t r o l .  The f o l l o w i n g  con- 
c l u s i o n s  a r e  b a s e d  on t h e  program d e s c r i b e d  i n  t h i s  r e p o r t :  
6.1 C o n c l u s i o n s  
(1) The two-s t age  v a l v e  o p e r a t i o n a l l y  s a t i s f i e d  a l l  of  t h e  
p r i m a r y  d e s i g n  and f u n c t i o n a l  o b j e c t i v e s  e s t a b l i s h e d  a t  
t h e  i n i t i a t i o n  o f  t h e  p rogram.  
1 


















(2) The f i n a l  f l i g h t w e i g h t  d e s i g n ,  w h i c h  i n c l u d e d  p r e s s u r e  
p r o b e s  f o r  i n s t r u m e n t a t i o n  p u r p o s e s ,  we ighed  4.24 l b s .  and 
r e q u i r e d  an  e l e c t r i c a l  power of  5 . 5  w a t t s .  
(3) The s y s t e m  d e m o n s t r a t e d  p r o p o r t i o n a l  f l o w  m o d u l a t i o n  
t h r o u g h o u t  a range g r e a t e r  t h a n  110 t o  1. 
(4) A s y s t e m  s i n u s o i d a l  f r e q u e n c y  r e s p o n s e  of 45 c p s  a t  -3 db 
a t t e n u a t i o n  was d e m o n s t r a t e d  i n  t h e  c l o s e d  l o o p  c o n t r o l  
mode u n d e r  2000OF pneumat i c  c o n d i t i o n s .  
The g a s e o u s  n i t r o g e n  s y s t e m  s i n u s o i d a l  f r e q u e n c y  r e s p o n s e  
was 38 c p s  a t  -3 db  a t t e n u a t i o n .  
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( 5 )  A s l i g h t  i n c r e a s e  i n  o u t p u t / i n p u t  s y s t e m  g a i n  was o b s e r v e d  
when t e s t e d  a t  2000°F, compared  t o  t h e  g a s e o u s  n i t r o g e n  
t e s t s .  
( 6 )  The  sys t em damping r a t i o  i n c r e a s e d  f r o m  0 . 4 5  ( g a s e o u s  N2) 
t o  0.5 when s u b j e c t e d  t o  2000'F p n e u m a t i c  t e s t i n g .  
( 7 )  The t y p i c a l  o u t p u t  s t e p  r e s p o n s e  c u r v e s  a p p r o x i m a t e d  a 
s e c o n d  o r d e r  s y s t e m .  S y s t e m  s t e p  r e s p o n s e  f r o m  i n i t i a t i o n  
o f  e l e c t r i c a l  command t o  o u t p u t  ( d e f i n e d  i n  S e c t i o n  4.3) 
r a n g e d  from 10 t o  12 m i l l i s e c o n d s  u s i n g  2000OF p n e u m a t i c s .  
Gaseous n i t r o g e n  e x p e r i m e n t a l  s t e p  r e s p o n s e  t ime was i n -  
c r e a s e d  a p p r o x i m a t e l y  30% o v e r  t h a t  o f  t h e  2000OF p n e u m a t i c  
o u t p u t  r e s p o n s e  t i m e .  
(8) Good c o r r e l a t i o n  b e t w e e n  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
d a t a  was d e m o n s t r a t e d  b a s e d  on s t e p  r e s p o n s e ,  damping r a t i o  
and sys t em g a i n s .  T h i s  b a s i c  c o r r e l a t i o n  c a n  be a p p l i e d  
e f f e c t i v e l y  f o r  e x t r a p o l a t i o n  of  p e r f o r m a n c e  t o  a p p l i c a t i o n s  
r e q u i r i n g  d i f f e r e n t  p n e u m a t i c  t he rmodynamic  c h a r a c t e r i s t i c s .  
(9)  A l l  t e s t i n g  was c o n d u c t e d  on  a s y s t e m  b a s i s  w h i c h  encom- 
p a s s e d  s i m u l a t i o n  of  a t y p i c a l  s i n g l e  p l a n e  SITVC s y s t e m  
f o r  a s o l i d  p r o p e l l a n t  m o t o r  o f  2800 l b s .  t h r u s t  ( s e a  
l e v e l ) .  T h e r e f o r e ,  t h e  s y s t e m  i n c l u d e d  a l l  r e q u i r e d  mani-  
f o l d s  f o r  TVC. 






















s i z i n g  o f  a SITVC v a l v e  f o r  use i n  5500OF a l u m i n i z e d  s o l i d  
p r o p e l l a n t  s y s t e m s .  The c o n c e p t u a l  d e s i g n  i s  t h e  resu l t  
of a m a t e r i a l s  and s t ress  e v a l u a t i o n  f o r  5500'F s e r v i c e  
and t h e  a p p l i c a t i o n  of t h e  d e v e l o p e d  2 W ° F  v a l v e  c o n c e p t  
p o t e n t i a l .  
(11) The f l i g h t w e i g h t  c o n c e p t  o f  t h e  5500OF two-s t age  v a l v e  
(which i s  b a s e d  on e q u i v a l e n t  f l o w  c a p a c i t y  o f  t h e  2 W ° F  
d e v e l o p e d  v a l v e )  would weigh  10.3 l b s  (see F i g u r e  29). 
T h i s  w e i g h t  i s  b a s e d  on t h e  m a t e r i a l s  and s t r e s s  l e v e l s  
e n c o u n t e r e d  f o r  5500OF s e r v i c e .  
(12 )  Based on t h e  r e s u l t s  o f  t h e  a n a l o g  computer  s t u d y ,  a n  ap- 
p r o x i m a t e  i n c r e a s e  of  35% i n  dynamic p e r f o r m a n c e  i s  r e a l i z e d  
by a p p l i c a t i o n  of  5 W ° F  p n e u m a t i c s  o v e r  2000OF p n e u m a t i c s .  
F o r  t h e  s y s t e m  p r e s s u r e  l e v e l s  i n v e s t i g a t e d  (1500, 2000, 
and 2700 p s i ) ,  a l l  dynamic r e s p o n s e s  were w i t h i n  an a c c e p t -  
a b l e  o p e r a t i o n a l  r a n g e  of  4 t o  8 . 5  m i l l i s e c o n d s .  I n  
a d d i t i o n ,  t h e s e  r e sponse  d a t a  a r e  b a s e d  on v a l v e  c a p a c i t i e s  
r a n g i n g  from0.704 l b / s e c .  t o  5.0 l b / s e c .  i n c l u d i n g  t h e  
a s s o c i a t e d  s e r v o  and d i s c h a r g e  m a n i f o l d  volumes  f o r  p r a c t i c a l  
f l i g h t w e i g h t  SITVC a p p l i c a t i o n s .  
(13) An i n c r e a s e  i n  two-s tage  v a l v e  mass f l o w  c a p a c i t y  f rom 
0.704 l b / s e c .  t o  5 . 0  l b / s e c .  f o r  2000OF s e r v i c e  would r e s u l t  
i n  a f l i g h t w e i g h t  of 15 l b s .  An i n c r e a s e  i n  two-s tage  v a l v e  
c a p a c i t y  from0,704 l b / s e c .  t o  5.0 l b / s e c .  f o r  5500'F s e r v i c e  
6-3 
would r e s u l t  i n  a f l i g h t w e i g h t  of 34 l b s .  ( s e e  F i g u r e  2 8 ) .  
6 . 2  Recommendations 
The d e s i g n  and development  o f  a f l i g h t w e i g h t  two-s t age  2000OF 
pneumat i c  p r e s s u r e  f e e d b a c k  v a l v e  f o r  p r o p o r t i o n a l  SITVC s y s t e m s  
h a s  r e s u l t e d  i n  advanc ing  t h e  t e c h n o l o g y  a t t e n d a n t  t o  t h i s  t y p e  
o f  s y s t e m  w i t h  r e g a r d  t o  dynamic r e s p o n s e ,  t h e r m a l  t r a n s i e n t s ,  
m a t e r i a l s  p e r f o r m a n c e ,  and combus t ion  p r o d u c t  c o n t a m i n a t i o n .  
The a n a l o g  e v a l u a t i o n  o f  m a j o r  p a r a m e t e r  v a r i a t i o n s  and use of  
a n a l y t i c a l  t o  e x p e r i m e n t a l  c o r r e l a t i o n  d a t a  p r o v i d e s  an  a c c u r a t e  
f o u n d a t i o n  f o r  s c a l i n g  t h i s  d e s i g n  c o n c e p t  f o r  a s p e c i f i c  a p p l i -  
c a t i o n .  
T h r e e  l o g i c a l  recommendat ions  a r e  p r e s e n t e d  t o  i n c r e a s e  t h e  
knowledge and t e c h n o l o g y  o f  t h e  t w o - s t a g e  p n e u m a t i c  v a l v e  s y s t e m  
c o n c e p t .  
(1) A s  a r e s u l t  o f  t h i s  c o n t r a c t ,  t h e  n e c e s s a r y  components and 
per formance  c r i t e r i a  e x i s t  t o  d e s i g n ,  d e v e l o p ,  and t e s t  a 
f l i g h t w e i g h t  s y s t e m .  I t  i s  recommended t h a t  a f l i g h t  t e s t  
program be i n i t i a t e d  u s i n g  t h e  f l i g h t w e i g h t  p r e s s u r e  f e e d -  
back valve t o  c o n t r o l  a 2000OF s o l i d  p r o p e l l a n t  p r o p o r t i o n a l  
s e c o n d a r y  i n j e c t i o n  s y s t e m .  T h i s  work would  p r o v i d e  o p e r -  
a t i o n a l  f l i g h t  v e r i f i c a t i o n  o f  a warm g a s  TVC s y s t e m .  The 
a p p l i c a b l e  SITVC p a r a m e t e r s  and r e s u l t s  a r e  c o v e r e d  i n  
Phase  I of  t h i s  c o n t r a c t  and a r e  r e p o r t e d  i n  a s e p a r a t e  

























(2) Based on t h e  u p r a t e d  d e s i g n  c o n c e p t  p o t e n t i a l  s t u d y  con- 
d u c t e d  h e r e i n ,  t h e  c o n c e p t  i s  d i r e c t l y  a p p l i c a b l e  f o r  
a p p l i c a t i o n  t o  5500OF s o l i d  p r o p e l l a n t  r o c k e t  e n g i n e  
s y s t e m s  u t i l i z i n g  d i r e c t  e n g i n e  b l e e d  f o r  SITVC. I t  
i s  recommended t h a t  two-s tage  v a l v e  deve lopmen t  f o r  a 
5500OF a l u m i n i z e d  p r o p e l l a n t  s y s t e m  be  p u r s u e d  f o r  
f u t u r e  f l i g h t  s y s t e m s ,  
(3) S i n c e  u p r a t i n g  of t h e  d e v e l o p e d  v a l v e  from a 2000OF en-  
v i r o n m e n t ,  u s i n g  a r e l a t i v e l y  c l e a n  p r o p e l l a n t ,  t o  5500OF 
a l u m i n i z e d  p r o p e l l a n t  p r e s e n t s  some deve lopmen t  problems 
f o r  i n g e s t i o n  of  a l u m i n u m  o x i d e  i n  t h e  s e r v o  s t a g e ,  i n -  
c o r p o r a t i o n  of a 2000OF p r o p e l l a n t  f o r  s e r v o  s t a g e  
o p e r a t i o n  and 5500OF d i r e c t  e n g i n e  b l e e d  f o r  p r i m a r y  
SITVC f l o w  may p r o v e  more p r a c t i c a l  on a s y s t e m  b a s i s .  
I t  i s  recommended t h a t  a s y s t e m  t r a d e - o f f  s t u d y  be con- 
d u c t e d  t o  d e f i n e  t h i s  c o n c e p t  and based  on t h i s  s t u d y ,  
t o  d e s i g n  and d e v e l o p  a 5500'F v a l v e  u t i l i z i n g  a 2000OF 
s e r v o  s t a g e .  
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APPENDIX A 
STEADY STATE ANALYSIS FOR A 
FLIGHTWEIGHT 200O0F SITVC SYSTEM 
T h i s  a n a l y s i s  p r o v i d e s  t h e  b a s i c  m a t h e m a t i c a l  e q u a t i o n s  wh ich  
were a p p l i e d  t o  s i z e  t h e  two s t a g e  va lve  and t o  r e s o l v e  t h e  
system steady  s t a t e  pe r fo rmance .  F i g u r e  30 p r o v i d e s  a s i m p l i -  
f i e d  s c h e m a t i c  of t h e  sys t em e x c e p t  f o r  t h e  s o l i d  p r o p e l l a n t  
g e n e  r a  t o  r . 
D e s i g n  P a r a m e t e r s  
The  s y s t e m  d e s i g n  p a r a m e t e r s  f o r  b o t h  2000OF and  g a s e o u s  n i t r o -  
g e n  p n e u m a t i c s  i s  shown i n  F i g u r e  31. T h i s  a n a l y s i s  i s  b a s e d  
on t h e  f o l l o w i n g  a s s u m p t i o n s :  
(1) E x p e r i m e n t a l  and  p u b l i s h e d  thermodynamic and  b a l l i s t i c  
p r o p e r t i e s  of Ol in-Math ieson  OMAX 453D s o l i d  p r o p e l l a n t .  
(2) The combus t ion  g a s e s  obey t h e  i d e a l  g a s  laws.  
(3) The mechanism i s  a c o n s t a n t  mass f l o w  d e v i c e  wh ich  i s  
s u p p l i e d  by a c o n s t a n t  mass f l o w  g e n e r a t o r .  
(4)  A t h e r m a l  l o s s  of  75'F ( b a s e d  on p r e v i o u s  e x p e r i m e n t a l  
d a t a )  i s  r e a l i z e d  from i n p u t  t o  o u t p u t .  
( 5 )  A l l  m e t e r i n g  and  c o n t r o l  o r i f i c e  a r e a s  r ema in  unchanged 
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C 1  
2000OF Gas 
2000 p s i  
800 to  1950 p s i  
800 t o  1950 p s i  
lo00 to  1100 p s i  
0 t o  600 p s i  
0 t o  600 p s i  
0.704 l b / s e c  
0 . 0 2 3  l b / s e c  
0 to .681 l b / s e c  
0 t o  .681 l b / s e c  
1.279 





SYSTEM DESIGN PARAMETERS 
Gaseous N 2  
2000 p s i  
800 t o  1950 p s i  
800 t o  1950 p s i  
lo00 t o  1100 p s i  
0 t o  600 p s i  
0 t o  600 p s i  
1.93 l b / s e c  
0 . 0 6 2 5  l b / s e c  
0 t o  1.85 l b / s e c  
0 t o  1.85 l b / s e c  
1 . 4  




0 . 5 2 2  OR/sec 
FIGURE 31 
A- 3 
B a s i c  F low E q u a t i o n s  
The  b a s i c  e q u a t i o n  f o r  s o n i c  p n e u m a t i c  f l o w  t h r o u g h  a n  o r i f i c e  
i s :  
w h e r e  : 
C 1  = . 4 1 3 J ” R / s e c  f o r  OMAX 453D 
C 1  = . 5 2 2 m / s e c  f o r  G a s e o u s  N 2  
The  above  e q u a t i o n  i s  t r u e  o n l y  f o r  p n e u m a t i c  f l o w  i n  t h e  s o n i c  
f l o w  r e g i m e .  D e t e r m i n a t i o n  o f  t h e  s o n i c  f l o w  c r i t e r i a  c a n  be 
c a l c u l a t e d  from t h e  c r i t i c a l  p r e s s u r e  r a t i o :  
F o r  c r i t i c a l  p re s su re  r a t i o s  o f  l e s s  t h a n  0.548 t h e n :  
o r  p n e u m a t i c  f l o w  f o r  t h i s  c o n d i t i o n  i s  i n d e p e n d e n t  of downs t r eam 
p r e s s u r e  and i s  o n l y  a f u n c t i o n  o f  u p s t r e a m  p r e s s u r e .  
A - 4  
. 
L 
S i n c e  a l l  o r i f i c e s  were b a s i c a l l y  d e s i g n e d  f o r  t h e  s o n i c  f l o w  
r e g i m e ,  s u b - s o n i c  f l o w  e q u a t i o n s  were  n o t  used  i n  t h e  s t e a d y  
s t a t e  a n a l y s i s .  The  s e r v o  o r i f i c e s  wh ich  c o u l d  e x p e r i e n c e  sub- 
s o n i c  f l o w  i n  t h e  * * o f f - n u l l * *  p o s i t i o n  were i n c l u d e d  as a non- 
l i n e a r  f u n c t i o n  i n  t h e  a n a l o g  compute r  a n a l y s i s .  
The  main s p o o l - m e t e r i n g  o r i f i c e  c o n f i g u r a t i o n  d e s i g n  was a 90' 
i n c l u d e d  a n g l e  s p o o l  t i p  and a s h a r p  edge  me te r ing  o r i f i c e .  
'd 
M e t e r i n g  O r i f i c e  1% 
By u s i n g  t h e  b a s i c  f l o w  e q u a t i o n  and s o l v i n g  f o r  e f f e c t i v e  
m e t e r i n g  a r e a ,  t h e n  t h e  v a l v e  s t r o k e  can  be d e t e r m i n e d  from 
t h e  f o l l o w i n g  e q u a t i o n :  
TV s i n e  [ D - T ~ T T  s i n 2 6  case ] = A, 
A-5 
where :  T = v a l v e  s t r o k e  - i n c h e s  
e = 1/2 a n g l e  of  s p o o l  t i p  
D = m e t e r i n g  o r i f i c e  d i a m e t e r  
A, = e f f e c t i v e  m e t e r i n g  a r e a  
The  s e r v o  d e s i g n  e q u a t i o n s  and s i m p l i f i e d  s e r v o  s c h e m a t i c  a r e  
a s  f o l l o w s :  




- To S p o o l  
An a [ 5 't r a t i o  of  1.5 was s e l e c t e d  f o r  t h e  s e r v o  d e s i g n .  
A 1  ; 
The ups t r eam o r i f i c e s  a r e  s i z e d  b a s e d  on t h e  s e r v o  c a p a c i t y  
d e s i r e d  i n  the  s o n i c  f l o w  r e g i m e .  
Thus  : 
Am = a A1 
a l s o ,  A, = TT D3 X 
An d e s i g n  r a t i o  of 3.0 minimum was s e l e c t e d  t o  p r e v e n t  an 
i n t e r a c t i o n  of m e t e r i n g  by A 3 .  
A m  
.*. x = Am -
TD3 







ANAUH; COMPUTER ANALYSIS AND STUDY 
The analog computer study was conducted in two phases. Phase I 
was directed specifically to optimization of the dynamics, 
stability criteria, and parameter sizes for the 0 . 7  lb/sec 
flightweight two-stage pneumatic pressure feedback valve. 
Phase I is discussed in Section 3.1. Phase I1 was conducted 
to investigate the effect o f  major parameter variations on 
two-stage valve performance. The parameter variations en- 
compassed, (1) 2000OF and 5500OF operating supply temperatures, 
(2) 1500, 2000, and 2700 psi generator supply pressures, and 
(3) 0.58, 2.0 ,  and 5 .0  lb/sec mass flows. 
Since the mathematical logic is identical for  the design con- 
cept, the selected design parameters and pertinent values were 
applied and scaled in the analog study. 
The analog analysis was conducted using an EA1 Pace 221 R and 
231 R analog computer. The developed system dynamic equations 
which mathematically describes the system logic are as follows: *1 
'1 See Figure 30 in Appendix A. 
B-1 
TWO-STAGE PNEUMATIC SERVO VALVE SYSTEM 
EQUATIONS USED IN ANALOG COMPUTER SIMULATION 
1) Main Spool  F o r c e  E q u a t i o n :  




M - 1 0 6  IdT/dtl k*106 
2) F l a p p e r  Torque E q u a t i o n :  
+ a -  de 1 
d t  
de I + A -  
d t  




















3 & 4 F i r s t  S t a g e  Flow E q u a t i o n s  
Ac Pcb dT C C A 
- + '. L(Pcb) 


























Second  S t a g e  Flow E q u a t i o n s  
S c a l e d  E q u a t i o n s :  
The m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s y s t e m  was s c a l e d  and 
t r a n s l a t e d  t o  computer  l anguage .  F i g u r e  32 p r e s e n t s  t h e  
computer  b l o c k  d i a g r a m  f o r  a n a l o g  a p p l i c a t i o n  of  t h e  s y s t e m  
e q u a t i o n s .  
For e v a l u a t i o n  of t h e  e f f e c t  of m a j o r  p a r a m e t e r  v a r i a t i o n s  
on  v a l v e  c o n c e p t  p e r f o r m a n c e ,  s e v e n  ( 7 )  v a l v e s  were sized 
t o  e n a b l e  i n c o r p o r a t i o n  of a c t u a l  p a r a m e t e r s  and p e r t i n e n t  
s izes  i n  t h e  a n a l o g  program. These  valves were d e s i g n a t e d  
a s  H-20L, M-20L, e t c . ,  o n l y  a s  code means of  r e c o g n i z i n g  
t h e  v a l v e  p a r a m e t e r s  and s i z e s .  
n o t e s  h i g h  p r e s s u r e  (2700 p s i )  - 2 W ° F  s y s t e m ,  - low f l o w  
For example ,  H-20L de- 
B-5 
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Y I Y k- 














































(0.704 lb/sec). These codes and tabulation of all pertinent 
information is shown on Figure 33. 
The analog results of these studies are exhibited in Figures 
34 through 39. 
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TWO-STAGE VALVE DEVELOPMENT 
TEST EQUIPMENT AND INSTRUMENTATION 
(1) V o i c e  o f  M u s i c  Tape-0-Matic 730 Monophonic Tape  R e c o r d e r ,  
Lab 133414-R 
(2) S a n b o r n  150 - 6 Channel  R e c o r d e r ,  
Lab a3346-R - C a r r i e r  P r e a m p l i f i e r  - Model l lOOAS 
Lab a3072-C - C a r r i e r  P r e a m p l i f i e r  - Model llOOAS 
Lab a2264-C  - AC & DC P r e a m p l i f i e r  - Model lo00 
Lab a3344-R - C a r r i e r  P r e a m p l i f i e r  - Model llOOAS 
Lab 83345-R - Carr ie r  P r e a m p l i f i e r  - Model l l O O A S  
Lab a3073-C - Carr ie r  P r e a m p l i f i e r  - Model l l O O A S  
(3) V i c k e r s  Model 56243-X Power S u p p l y  D i f f e r e n t i a l  C u r r e n t  , 
Lab a2774-R 
( 4 )  Model 56242-X Power A m p l i f i e r ,  Lab a2574-R 
(5) Loop S w i t c h  P a n e l  and G a i n  C o n t r o l ,  Lab 82784-R 
( 6 )  H e w l e t t  P a c k a r d ,  P a l o  A l t o ,  C a l i f o r n i a  
(7) Model 2 1 1 A  S q u a r e  Wave G e n e r a t o r ,  Lab a2052-C 
(8) H e w l e t t  P a c k a r d ,  P a l o  A l t o ,  C a l i f o r n i a  
( 9 )  Model 122AR O s c i l l o s c o p e ,  Lab s2807-R 
M i n n e a p o l i s  Honeywel l ,  D e n v e r ,  C o l o r a d o  
Model. 1108 - 26700HK V i s i c o r d e r  
C e n t u r y  E l e c t r o n i c s  and I n s t r u m e n t s ,  I n c . ,  T u l s a ,  Oklahoma 
Model 808 Power S u p p l y  and KC O s c i l l a t o r ,  Lab a1341 
C e n t u r y  E l e c t r o n i c s  and I n s t r u m e n t s ,  I n c . ,  T u l s a ,  Oklahoma 
Model 408 R e c o r d i n g  O s c i l l o g r a p h  
Case  P r e s s  - T e l e d y n e  P r e s s u r e  T r a n s d u c e r ,  Lab a2698 ( 5  K p s i )  
Thermocouple  - C/A 
PcA - D y n i s c o ,  Lab a2522 (10 K p s i )  
PcB - D y n i s c o ,  Lab a2361 (10 K p s i )  
(20) PA - D y n i s c o ,  Lab a3098 (1000 p s i )  
(21) PB - D y n i s c o ,  Lab "2119 (1000 p s i )  
- D y n i s c o ,  Lab a2256 (10 K p s i )  
(22) ' i n l e t  
(23) PA - D y n i s c o ,  Lab a3194 (1000 p s i )  
(24 )  PB - D y n i s c o ,  Lab a3654 (1000 p s i )  
( 2 5 )  Hewle t t  P a c k a r d ,  P a l o  A l t o ,  C a l i f o r n i a  
Model 202A Low Frequency  F u n c t i o n  G e n e r a t o r  , Lab #2757-R 
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